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lithium chloride, 755, 769 
methyl atropine, 67 
methyl scopolamine, 67 
morphine, 1105 
naloxone, 85, 171, 841, 927, 1175 
norepinephrine, 527 
pentylenetetrazol, 901 
phenobarbital, 275 
phentolamine, 501, 527 
phenytoin, 275 
picrotoxin, 901 
polyethylene glycol, 605, 943 
propranolol, 527 
propylthiouracil, 361 
quinine, 149 

quinine hydrochloride, 51 
quinine sulfate, 29, 1171 
quinine tannate, 1171 
RDS-127, 1, 973 
scopolamine, 67 
spiroperidol, 621 


streptozotocin, 561, 577 
strychnine, 901 

sucrose, 51, 129, 149, 253 
sucrose octaacetate, 1117 
5-thioglucose, 803 

THIP, 901 

zinc sulfate, 281 


Dual olfactory system, 433 


agonistic behavior, male mice 
deafferentation 

olfaction 

vomeronasal tract 


Eating 


a-adrenoreceptors, 527 
altitude, 455 

amygdala, 649 
angiotensin II, 943 
anorexia, 195, 519 
anorexic agents, 901 
anticipatory activity, 107 
appetite, 449 

aspartame, 293 
bicuculline, 901 

blood glucose, 515 

body energy balance, 807 
body weight, 135, 577, 921, 1171 


body weight regulation, 293, 449, 875 


brown adipose tissue, 701, 1137 
caloric efficiency, 135 

caloric expenditure, 807 

caloric intake, 847 

caloric regulation, 293 
carbohydrate metabolism, 931 
cat, 527 

celiac vagotomy, 605 


cholecystokinin octapeptide, 599, 961 


circadian cycles, 807 

circadian rhythms, 35, 107, 1141 
cold adaptation, 135 

cortical spreading depression, 649 
dawn feeding, 1141 
2-deoxy-D-glucose, 553, 605, 875 


diabetes, streptozotocin-induced, 577 


dietary obesity, 293 
dietary quinine, 1171 
dietary thermogenesis, 1137 


drinking, 35, 459, 519 605, 649, 943 


endogenous opioid peptides, 841 
energy, 449 

energy balance, 459, 1137 
energy expenditure, 701 
epinephrine, 605 

exercise, 449 

extracellular dehydration, 943 
food selection, 779 

fecal anorexigenic substance, 519 
human studies, 293, 409, 449 
hunger, 449 

feeding patterns, 527 

food deprivation, 515, 841 

food intake control, 1137 

food restriction, 931 

food selection, 779 

forebrain serotonin uptake, 459 
GABA, 901 

gastric emptying, 515 

genetic differences, 841 
germfree mice, 519 

glucoprivic feeding, 875 
glycemia, 803 

glycerol, 577, 921 

hamsters, 701 

hepatic vagotomy, 605 





high-fed diet, 701 

homeostatic competition, 715 
hypertonic saline, 605 
hypoglycemia, insulin-induced, 847 
hypoxia, 455 

insulin, 515, 605, 847, 961 

kainic acid, 553 

ketone bodies, 515 

knife cuts, parasagittal, 195 


lesions, area postrema, 875, 943 
lesions, 5,7 dihydroxytryptamine, 459 
lesions, electrolytic, 459 
lesions, midbrain raphe nuclei, 459 
lesions, suprachiasmatic nuclei, 35 
liver glycogen, 515 
locomotor activity, 459 
meal composition, 779 
meal patterns, 35, 715, 1141 
multiple circadian oscillators, 107 
naloxone, 841, 927 
norepinephrine, 527 
obesity, 449, 1137 
obesity, dietary, 701 
obesity, genetic, 841 
oxygen consumption, 701 
palatability, 293 
paraventricular hypothalamus, 195 
pentylenetetrazol, 901 
perifornical fiber system, 195 
phentolamine, 527 
picrotoxin, 901 
polyethylene glycol, 605 
prefeeding, 779 
propranolol, 527 
protein-carbohydrate ratio, 779 
random meal presentation, 931 
regulatory model, 455 
renal excretion, 35 
route of administration, 599, 841 
satiety, 195, 599, 961 
satiety, sensory-specific, 409 
schedule-controlled behavior, 455 
sensory properties of foods, 409 
serotonergic system, 459 
spinal cordotomy, 599 
strain differences, 135 
strychnine, 901 
sweeteners, 293 
temperature regulation, 715 
thermogenesis, 701 
thermogenesis, diet-induced, 135 
5-thioglucose, 803 
THIP, 901 
vagotomy, 599, 927 
VMH stimulation, 195 
Eating, stimulus-bound, 17 
hypothalamus, electrical stimulation 
reward 
self-deprivation 
self-starvation 
self-stimulation 
Ejaculation, 495 
copulatory motor patterns 
seminal vesicle activities 
sexual behavior, male rat 
Electrical brain stimulation, 1125 
hippocampus 
latent inhibition 
nictitating membrane response 
Pavlovian conditioning 
rabbits 
Electroconvulsive shock 
amnesia, 387 
appetitive conditioning ,387 


behavioral stability, 387 
conditioned taste aversion, 755 
endogenous opioids, 1025 
extinction, 387 
grooming, 1025 
lithium chloride, 755 
memory, 755 
neural ontogeny, 1025 
recovery of function, 387 
retrieval deficit, 387 
seizures, 1025 
wet-dog shakes, 1025 
Electrocorticograph, 1059 
amnesia 
convulsions 
electroencephalograph 
hypoxia 
Electroencephalogram, 393 
enclosed pool mercury commutator 
Electroencephalograph, 1059 
amnesia 
convulsions 
electrocorticograph 
hypoxia 
Electroencephalography, 737 
cognition 
human studies, males 
iron deficiency 
Electromyogram, 905 
licking pattern 
masticatory muscles 
taste 
Electrophysiology, 979 
androgens 
lateral hypothalamus 
medial forebrain bundle 
sexual behavior, male rat 
steroid action 
testosterone 
unit activity 
Enclosed pool mercury commutator, 393 
electroencephalogram 
Endogenous opioid peptides 
eating, 841 
electroconvulsive shock, 1025 
food deprivation, 841 
genetic differences, 841 
grooming, 1025 
naloxone, 841 
neural ontogeny, 1025 
obesity, genetic, 841 
route of administration, 841 
seizures, 1025 
wet-dog shakes, 1025 
Endorphins 
agonistic behavior, 85 
analgesia, 85 
drinking, 1175 
gastric fistulas, 1175 
naloxone, 85, 1175 
sucrose preference, 1175 
Energy, 449 
appetite 
body weight regulation 
eating 
energy 
exercise 
human studies 
hunger 
obesity 
Energy balance 
brown adipose tissue, 1137 
dietary thermogenesis, 1137 
drinking, 459 
eating, 459, 1137 





food deprivation, 747 
food intake control, 1137 
forebrain serotonin uptake, 459 


lesions, 5,7 dihydroxytryptamine, 459 


lesions, electrolytic, 459 
lesions, midbrain raphe nuclei, 459 
locomotor activity, 459 
obesity, 1137 
overeating, 747 
serotonergic system, 459 
Energy expenditure, 701 
brown adipose tissue 
eating 
hamsters 
high-fat diet 
obesity, dietary 
oxygen consumption 
thermogenesis 
Entrainment 
central visual system, 231 
circadian rhythms, 231, 637, 1161 
constant darkness, 1161 
constant light, 1161 
drinking, 637 
lesions, suprachiasmatic nuclei, 1161 
light, phasic effects, 637 
light, tonic effects, 637 
phase shifts, 1161 
primates, 637 
REM sleep, 231 
retinal projections, 231 
sleep-wake cycle, 231 
squirrel monkeys, 637 
ultradian rhythms, 231 
Environment, 47 
imprinting 
lemon odor preference 
nesting preference 
sex differences 
Environment, enriched, 885 
environment, restricted 
exploratory behavior 
lesions, septum 
maze learning 
reactivity 
Environment, restricted, 885 
environment, enriched 
exploratory behavior 
lesions, septum 
maze learning 
reactivity 
Epinephrine 
celiac vagotomy, 605 
2-deoxy-D-glucose, 605 
discriminated fear-conditioning, 443 
drinking, 605 
eating, 605 
hepatic vagotomy, 605 
hypertonic saline, 605 
insulin, 605 
memory, 443 
polyethylene glycol, 605 
retrieval deficits, 443 


retrograde amnesia, DDC-induced, 443 


Epinephrine levels, 41 
adrenocortical system 
corticosterone levels 
lesions, septal 
norepinephrine levels 
stress, immobilization-induced 


sympathetic adrenomedullary system 


Escape, 269 
approach 
brain stimulation 
medial hypothalamus 


periaqueductal gray 
unit activity 
Estradiol, 589 
cholesterol 
hamsters 
intracranial implants 
progesterone 
receptivity 
sexual behavior, female hamsters 
ventromedial hypothalamus 
Estradiol benzoate 
castration, 665 
circadian rhythms, 665 
decortication, female rats, 763 
ethanol consumption, 61 
hamsters, 665 
hamsters, female, 1131 
lesions, septum, 1131 
locomotion, 665 
lordosis, 1131 
meal patterns, 61 
neonatal rats, 763 
ovariectomy, 665 
progesterone, 763, 1131 
sex differences, 665 
sexual behavior, female hamster, 1131 
sexual behavior, female rats, 763 
sexual receptivity, 1131 
testosterone, 665 
Estrogen, 687 
body weight, defended 
estrous cycle 
hoarding 
ovariectomy 
paradoxical behavior 
sex differences 
Estrogen receptors, 225 
hypothalamus 
lordosis 
progestin receptors 
retrochiasmatic knife cuts 
sexual behavior, female rat 
Estrous cycle 
body weight, defended, 687 
diurnal rhythm, 287 
estrogen, 687 
hoarding, 687 
open field, 287 
ovariectomy, 687 
paradoxical behavior, 687 
sex differences, 687 
stress, 287 
Ethacrinic acid, 1071 
amnesia 
animal models 
diethyldithiocarbamate 
memory consolidation 
norepinephrine 
Ethanol, 785 
circadian rhythms 
diurnal variations 
hamsters 
open field 
Ethanol consumption 
estradiol benzoate, 61 
maternal behavior, 595 
meal patterns, 61 
prenatal effects, 595 
Exercise 
appetite, 449 
blood glucose levels, 245, 1111 
body weight regulation, 449 
eating, 449 
energy, 449 
fasting, 245, 1111 





habituated skills, 1111 
human studies, 245, 449, 1111 
hunger, 449 
motor performance, 245 
obesity, 449 
Experiential influences, 153 
cross-fostering 
inbred mice 
maternal environment 
nest building 
pregnancy 
reciprocal cross 
strain differences 
Exploratory behavior 
environment, enriched, 885 
environment, restricted, 885 
habituation, 189 
lesions, septum, 885 
lysine-vasopressin, 189 
maze learning, 885 
reactivity, 885 
Extinction 
amnesia, 387 
appetitive conditioning, 387 
behavioral stability, 387 
electroconvulsive shock, 387 
extinction, 387 
hunger, 643 
learning, 643 
motivation, 643 
obese mice, 643 
obesity, genetic, 643 
operant behavior, 643 
recovery of function, 387 
retrieval deficit, 387 
Extracellular dehydration, 943 
angiotensin II 
drinking 
eating 
lesions, area postrema 
Eye movements, 995 
mechanical restraint 
oculomotor innervation 
surgical paralysis 


Fasting 
blood glucose levels, 245, 1111 
exercise, 245, 1111 
habituated skills, 1111 
human studies, 245, 1111 
motor performance, 245 

Fat content, 999 
dietary effects 
maternal behavior, female rat 
protein supplements 

Fear 
adrenocortical response, 1051 
aging effects, 67 
anticholinergics, 67 
atropine, 67 
blood-brain barrier, 67 
chickens, 67 
gonadal response, 1051 
methyl atropine, 67 
methyl scopolamine, 67 
scopolamine, 67 
sex differences, 1051 
social support, 1051 
squirrel monkey, 1051 
stress, 1051 
tonic immobility, 67 

Fecal anorexigenic substance, 519 
anorexia 
drinking 


eating 
germfree mice 

Feedback, metabolic, 827 
alliesthesia 
feedback, sensory 
human studies 
nutrient detectors 
taste 

Feedback, sensory, 827 
alliesthesia 
feedback, metabolic 
human studies 
nutrient detectors 
taste 

Feeding patterns, 527 
a-adrenoreceptors 
cat 
eating 
norepinephrine 
phentolamine 
propranolol 

Feminine behavior, male rats, 677 
androgen dependency 
pheromones 
urine, male rats 


Feminine sexual behavior, male and female rats, 263 


flutamide 
lordosis 
prenatal development 
sex differences 
Fetal conditioning, 769 
conditioned odor aversion 
lithium chloride 
olfaction 
Fetal estrogen exposure, 397 
fighting 
testosterone 
Fetal motility, 361 
hypothyroidism 
pituitary-thyroid relationship 
propylthiouracil 
suckling behavior 
Fighting, 397 
fetal estrogen exposure 
testosterone 
Fish 
carbaryl, 23 
chemical gradients, 1183 
chemosensory tests, 1183 
food conversion efficiency, 23 
Macropodus cupanus , 23 


psychophysical measurements of chemosensory effects on fish, 


1183 
stress, 23 
sublethal concentration, 23 
surfacing behavior, 23 
toxicity, 23 
Fixed-ratio schedule, 215 
discrimination 
lesions, septum 
lever press 
proprioceptive feedback 
Flavor-toxicosis associations, 439 
food preference 
smell 
taste 
Fluid measurement, 1179 
drop-sensing drinkometer 
Flutamide, 263 


feminine sexual behavior, male and female rats 


lordosis 
prenatal development 
sex differences 
Food conversion efficiency, 23 
carbaryl 





fish 
Macropodus cupanus 
stress 
sublethal concentration 
surfacing behavior 
toxicity 
Food deprivation 
blood glucose, 515 
cimetidine, 721 
eating, 515, 841 , 
endogenous opioid peptides, 841 
energy balance, 747 
gastric emptying, 515 
gastric lesions, 721 
genetic differences, 841 
insulin, 515 
ketone bodies, 515 
lesions, olfactory pathways, 7 
liver glycogen, 515 
multiunit mitral cell activity, 7 
naloxone, 841 
obesity, genetic, 841 
olfaction, 7 
overeating, 747 
restraint, 721 
route of administration, 841 
sleep-wakefulness states, 7 
ulcers, glandular, 721 
ulcers, healing, 721 
ulcers, stress-induced, 721 
Food intake, 627 
appetite regulation 
appetite suppressants 
cholecystokinin octapeptide 
human studies, males 
obesity 
satiety 
Food intake control, 1137 
brown adipose tissue 
dietary thermogenesis 


eating 
energy balance 
obesity 

Food preference, 439 
flavor-toxicosis associations 
smell 


taste 
Food restriction, 931 
carbohydrate metabolism 
eating 
random meal presentation 
Food selection, 779 
eating 
meal composition 
prefeeding 
protein-carbohydrate ratio 
Footshock 
analgesia, 171 
behavioral measurements, 957 
conditioning, classical, 171 
naloxone, 171 
stress, 171 
unconditioned response, 957 


Footshock-induced wall climbing, 501 


amphetamine 
catecholamines 
circadian rhythms 
haloperidol 
home nest odors 
phentolamine 

Forebrain serotonin uptake, 459 
drinking 
eating 
energy balance 
lesions, 5,7 dihydroxytryptamine 


lesions, electrolytic 
lesions, midbrain raphe nuclei 
locomotor activity 
serotonergic system 

Free fatty acids, 483 
plasma corticosterone 
positive behavioral contrast 


GABA, 901 
anorexic agents 
bicuculline 
eating 
pentylenetetrazol 
picrotoxin 
strychnine 
THIP 
Gastric emptying, 515 
blood glucose 
eating 
food deprivation 
insulin 
ketone bodies 
liver glycogen 
Gastric fistulas, 1175 
drinking 
endorphins 
naloxone 
sucrose preference 
Gastric lesions, 721 
cimetidine 
food deprivation 
restraint 
ulcers, glandular 
ulcers, healing 
ulcers, stress-induced 
Gastric ulcer, 337 
activity-stress ulcer 
MHPG-SO, 
noradrenaline turnover 
Gastric vagotomy, 533 
angiotensin I] 
coeliac vagotomy 
drinking deficits 
hepatic vagotomy 


thirst, extracellular vs intracellular 


Gender recognition, 315 
chemosensation 
olfactory bulbectomy 
phermones 
sexual behavior, mice 
testosterone 
ultrasonic vocalizations 
vomeronasal organ 

Genetic differences, 841 
eating 
endogenous opioid peptides 
food deprivation 
naloxone 
obesity, genetic 
route of administration 

Genetics 
chickens, 29 
dextrose, 29 
hedonic sensitivity, 29 
inbred strains, mice, 97 
maternal behavior, 97 
nesting, 97 
progesterone, 97 
quinine sulfate, 29 
taste preferences, 29 

Germfree mice, 519 
anorexia 
drinking 
eating 





fecal anorexigenic substance 
Glucagon, 241 

blood glucose level 

glucoregulation 

glucose 

insulin 

self-administration 
Glucocorticoids, 895 

body weight 

brain weight 

cerebellum 

hippocampus 

perinatal administration 

postnatal neurogenesis 

spatial learning 
Glucoprivic feeding, 875 

body weight regulation 

2-deoxy-D-glucose 

drinking 

eating 

lesions, area postrema 
Glucoregulation, 241 

blood glucose level 

glucagon 

glucose 

insulin 

self-administration 
Glucose 

blood glucose Jevel, 241 

diabetes, streptozotocin-induced, 561 

glucagon, 241 

glucoregulation, 241 

glycerol, 561 

insulin, 241 

palatability, 561 

self-administration, 241 
8-Glucuronidase, 789 

aggression 

chemosensory cues 

social behavior 

urine, male mouse 
Glycemia, 803 

eating 

hamster 

5-thioglucose 
Glycerol 

body weight, 577, 921 


diabetes, streptozocin-induced, 561, 577 


eating, 577, 921 
glucose, 561 
palatability, 561 
Gold thioglucose, 543 
convulsions 
hypoglycemia 
insulin 
lesions, bipiperidyl mustard 
lesions, ventromedial hypothalamus 
Gonadal response, 1051 
adrenocortical response 
fear 
sex differences 
social support 
squirrel monkey 
stress 
Gonadectomy 
ACTH, 915 
aggression inhibition, 1019 
androgens, 1019 
approach-avoidance conflict, 201 
conditioned taste averision, 201, 915 
juvenile hormones, 1019 
pituitary-adrenal system, 201 
plasma corticosterone, 201 
sex differences, 201 
testosterone, 915 


Grooming, 1025 
electroconvulsive shock 
endogenous opioids 
neural ontogeny 
seizures 
wet-dog shakes 


Habituated skills 1111 
blood glucose levels 
exercise 
fasting 
human studies 
Habituation 
exploratory behavior, 189 
lysine-vasopressin, 189 
priming effect, 733 
restricted feeding, 733 
ulcer, activity-stress, 733 
Haloperidol, 501 
amphetamine 
catecholamines 
circadian rhythms 
footschok-induced wall climbing 
home nest odors 
phentolamine 
Hamsters 
body weight, 681 
brown adipose tissue, 701 
castration, 665 
cholesterol, 589 
circadian rhythms, 665, 785, 1153 
diurnal variations, 785 
circannual rhythms, 681 
eating, 701, 803 
energy expenditure, 701 
estradiol, 589 
estradiol benzoate, 665 
ethanol, 785 
glycemia, 803 
high-fat diet, 701 
hyperphagia, 681 
intracranial implants, 589 
locomotion, 665 
obesity, 681 
obesity, dietary, 701 
olfactory bulbectomy, 681 
open field, 785 
ovariectomy, 665 
oxygen consumption, 701 
phase shifts, 1153 
progesterone, 589 
rats, 1153 
receptivity, 589 


retinohypothalamic tract symmetry, 1153 


sex differences, 665 


sexual behavior, female hamsters, 589 


suprachiasmatic nuclei, 1153 

testosterone, 665 

thermogenesis, 701 

5-thioglucose, 803 

ventromedial hypothalamus, 589 
Hamsters, female 

estradiol benzoate, 1131 

hypothalamus, 953 

knife cuts, 953 

lesions, septum, 1131 

lordosis, 1131 

progesterone, 1131 


sexual behavior, female hamster, 1131 


sexual receptivity, 1131 

ultrasonic vocalizations, 953 
Heat storage, 509 

core temperature 

heat tolerance index 

human studies, males 





plasma cortisol levels 
Heat tolerance index, 509 
core temperature 
heat storage 
human studies, males 
plasma cortisol levels 
Hedonic sensitivity, 29 
chickens 
dextrose 
genetics 
quinine sulfate 
taste preferences 
Hemiforebrain ablation, 1089 
lateral hypothalamus 
reward 
self-stimulation 
Hepatic vagotomy 
angiotensin II, 533 
celiac vagotomy, 533, 605 
2-deoxy-D-glucose, 605 
drinking, 605 
drinking deficits, 533 
eating, 605 
epinephrine, 605 
gastric vagotomy, 533 
hypertonic saline, 605 
insulin, 605 
polyethylene glycol, 605 
thirst, extracellular vs intracellular, 533 
High-fat diet, 701 
brown adipose tissue 
eating 
energy expenditure 
hamsters 
obesity, dietary 
oxygen consumption 
thermogenesis 
Hindlimb stimulation, 1039 
neural plasticity 
spinal fixation 
stimulation parameters 
Hippocampus 
avoidance conditioning, 1007 
body weight, 895 
brain stimulation, 1007 
brain weight, 895 
cerebellum, 895 
electrical brain stimulation, 1125 
glucocorticoids, 895 
latent inhibition, 1125 
long-term potentiation, 1007 
nictitating membrane response, 1125 
Pavlovian conditioning, 1125 
perinatal administration, 895 
postnatal neurogenesis, 895 
rabbits, 751, 1125 
RSA frequency shifts and behavior, 751 
spatial learning, 895 
synaptic plasticity, 1007 
Hoarding 
body temperature, 631 
body weight, 631 
body weight, defended 687 
estrogen, 687 
estrous cycle, 687 
obesity, 631 
ovariectomy, 687 
paradoxical behavior, 687 
sex differences, 687 
Zucker rat, 631 
Home nest odors, 501 
amphetamine 
catecholamines 
circadian rhythms 
footshock-induced wall climbing 


haloperidol 

phentolamine 
Homeostatic competition, 715 

eating 

meal patterns 

temperature regulation 
Hormone 

ACTH, 1051 

androgen, 677, 813, 1019 

corticosterone, 219 

cortisol, 1051 

cortisone, 695 

epinephrine, 443, 605 

estradiol, 589, 979 


estradiol benzoate, 61, 665, 677, 687, 763, 1131 


estrogen, 225, 397 

glucagon, 241 

insulin, 241, 515, 543, 605, 847, 961 
lysine-vasopressin, 189 

melatonin, 307 


progesterone, 97, 225, 475, 589, 677, 687, 763, 1131 


prolactin, | 


testosterone, 315, 397, 665, 687, 773, 915, 979, 1051 


testosterone propionate, 677 
Housing conditions 

age differences, 1013 

aggression, intermale, 1013 

aggression, maternal, 1013 

light conditions, 819 

pup-killing, 1013 

sex differences, 1013 

short-term isolation, 819 

social interaction, male rats, 819 
Human studies 

alliesthesia, 827 

appetite, 449 

aspartame, 293 

bilateral integration, 349 

blood glucose level, 245, 1111 

blood pressure, 211 

body weight regulation, 293, 449 

caloric regulation, 293 

carbon dioxide, 349 

cigarette smoking, 727 

common chemical sense, 727 

dichorinic stimulation, 349 

dietary obesity, 293 

eating, 293, 409, 449 

energy, 449 

exercise, 245, 449, 1111 

fasting, 245, 1111 

feedback, metabolic, 827 

feedback, sensory, 827 

habituated skills, 1111 

hunger, 449 

motor performance, 245 

nasal common chemical sense, 349 

nasal irritation, 727 

nutrient detectors, 827 

obesity, 449 

odor perception, 727 

palatability, 293 

psychophysical scaling, 79 

psychophysics 

Pythagorean rule of integration, 349 

quinine, 149 

reaction time, 79 

reflex apnea, 727 

satiety, sensory-specific, 409 

sensory properties of foods, 409 

sex differences, 211 

skin temperature, 355 

state-trait anxiety inventory, 211 

sucrose, 149 

sweeteners, 293 





taste, 79, 827 

taste adaptation, 149 

thermal stimulus thresholds, 355 

trigeminal nerve, 727 
Human studies, males 

appetite regulation, 627 

appetite suppressants, 627 

cholecystokinin octapeptide, 627 

cognition, 737 

core temperature, 509 

electroencephalography, 737 

food intake, 627 

heat storage, 509 

heat tolerance index, 509 

iron deficiency, 737 

obesity, 627 

plasma cortisol levels, 509 

satiety, 627 
Hunger 

appetite, 449 

body weigt regulation, 449 

eating, 449 

energy, 449 

exercise, 449 

extinction, 643 

human studies, 449 

learning, 643 

motivation, 643 

obese mice, 643 

obesity, 449 

obesity, genetic, 643 

operant behavior, 643 
6-Hydroxydopamine, 1105 

adrenal demedullation 

adrenocortical response 

analgesia 

morphine 

stress 

sympathomedullary response 
Hyperoxia, 1065 

hypoxia 

memory consolidation 

retrograde amnesia 
Hyperphagia 

body weight, 681 

circannual rhythms, 681 

cortisone, 695 

hamsters, 681 

hypophysectomy, 695 


lesion, gold thioglucose-induced, 695 


lesions, VMH, 695 
obesity, 681, 695 
olfactory bulbectomy, 681 
pituitary-adrenal axis, 695 
Hypertonic saline, 605 
celiac vagotomy 
2-deoxy-D-glucose 
drinking 
eating 
epinephrine 
hepatic vagotomy 
insulin 
polyethylene glycol 
Hypodipsia, 51 
hypophagia 
lesions, zona incerta 
palatability 
quinine hydrochloride 
sucrose 
Hypoglycemia, 543 
convulsions 
gold thioglucose 
insulin 
lesions, bipiperidyl mustard 


lesions, ventromedial hypothalamus 


Hypoglycemia, insulin-induced, 847 
caloric intake 
eating 
insulin 
Hypophagia, 51 
hypodipsia 
lesions, zona incerta 
palatability 
quinine hydrochloride 
sucrose 
Hypophysectomy, 695 
cortisone 
hyperphagia 
lesions, gold thioglucose-induced 
lesions, VMH 
obesity 
pituitary-adrenal system 
Hypothalamus 
estrogen receptors, 225 
hamsters, female, 953 
knife cuts, 953 
lordosis, 225 
progestin receptors, 225 
retrochiasmatic knife cuts, 225 
sexual behavior, female rat, 225 
ultrasonic vocalizations, 953 


Hypothalamus, electrical stimulation, 17 


eating, stimulus-bound 
reward 
self-deprivation 
self-starvation 
self-stimulation 
Hypothermia, 1117 
memory deactivation 
retrograde amnesia 
stress 
Hypothyroidism, 361 
fetal motility 
pituitary-thyroid relationship 
propylthiouracil 
suckling behavior 
Hypoxia 
altitude, 455 
amnesia, 1059 
convulsions, 1059 
eating, 455 
electrocorticograph, 1059 
electroencephalograph, 1059 
hyperoxia, 1065 
memory consolidation, 1065 
regulatory model, 455 
retrograde amnesia, 1065 
schedule-controlled behavior, 455 
Immobilization, 1077 
pain 
shock discrimination 
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CLARK, J. T., E. R. SMITH, M. L. STEFANICK, S. P. ARNERIC, J. P.- LONG AND J. M. DAVIDSON. Effects of a 
novel dopamine-receptor agonist RDS-127 (2-N,N-di-n-propylamino-4,7-dimethoxyindane), on hormone levels and sexual 
behavior in the male rat. PHYSIOL. BEHAV. 291) 1-6, 1982.—Selective changes in the mating pattern occurred 30 
minutes following administration of RDS-127 (3.0 mg/kg, IP) to sexually experienced adult male rats. Marked decreases in 
intromission frequency and ejaculation latency were observed. These data indicate a potent effect upon conummatory 
mechanisms underlying copulatory behavior. The lack of effect upon arousal state was further demonstrated utilizing a 
**mounting test’’ (in which the penis is anesthetized by topical application of tetracaine hydrochloride). No difference in 
mounting behavior was seen. Seminal plugs were noted in a large percentage of treated animals at the time of anesthetic 
application. Additionally, a six-fold decrease in plasma prolactin and a lesser decrement in plasma luteinizing hormone 
were evident. Finally, in sexually experienced castrate animals, RDS-127 induced mounting in two thirds and intromissive 
and ejaculatory patterns in one third of the treated animals, 35 days postcastration. These effects were greatly attenuated 
by 56 days postcastration. The selective alteration of consummatory mechanisms, with little or no effect upon arousal 
status, suggests a neurochemical separation of these two components in the intact male rat. 


RDS-127 Dopamine Sexual behavior 


THE importance of brain monoamines in the modulation of 
sexual behavior is well established [19]. However, the neu- 
rochemical substrates underlying specific components of the 
behavior remain to be elucidated. A generally accepted 
analysis of these components postulates separate arousal 
and comsummatory mechanisms, each of which has specific 
behavioral parameters associated with it [7]. 

Responses indicative of dopamine receptor stimulation 
have been noted for 2-N,N-di-n-propylamino-4,7-di- 
methoxyindane (RDS-127) whose structure is illustrated in 
Fig. 1. RDS-127, in a dose-dependent manner, inhibits the 
accumulation of DOPA in the caudate nucleus and olfactory 
tubercle, and this effect is prevented by pretreatment with 
haloperidol [3,4]. Also, RDS-127 decreases firing rates of 
neurons in the zona compacta of the substantia nigra. Low 
doses decrease locomotor activity whereas high doses in- 
crease locomotion. These effects are antagonized by prior 
dopamine receptor blockade [3,4]. Contralateral rotational 





Prolactin 


behavior is observed following RDS-127 treatment in rats 
with unilateral 6-hydroxydopamine lesions of the substantia 
nigra [3,6]. Additionally, RDS-127 inhibits food intake in the 
rat [6], antagonizes serotonin-induced contraction in the iso- 
lated guinea pig ileum [5], and induces contraction in the 
isolated dog metatarsal vein which is prevented by previous 
administration of the a-adrenergic antagonist prazosin (un- 
published observations). 

Biochemical and electrophysiological properties similar 
to those seen with RDS-127 are observed following adminis- 
tration of the ergot derivative lisuride [16,17]. In contrast to 
lisuride, RDS-127 antagonizes the accumulation of DOPA, 
but not the accumulation of 5-hydroxytryptophan in rat brain 
[4]. Selective decreases in intromission frequency and ejacu- 
latory latency were recently reported following lisuride 
treatment [2]. Another dopamine agonist, apomorphine, ex- 
hibits similar but less marked and selective effects upon 
these parameters [8,22]. The apomorphine effect is antago- 


‘Send reprint requests to John T. Clark, Department of Physiology, Stanford University, Stanford, CA 94305. 





FIG. 1. Chemical structure of 2-N,N-di-n-propylamino-4, 


7-dimethoxyindane (RDS-127). 


nized by prior receptor blockade utilizing pimozide [22] but is 
unaffected by monoamine depletion by tetrabenazine [8]. 
Conversely, dopamine receptor blockade alone, utilizing 
haloperidol, abolished male sexual behavior in rats selected 
for a high incidence of copulation [24]. Treatment with 
pimozide (another dopamine receptor antagonist) in low 
doses has been reported to increase ejaculation latency, 
whereas high doses can lead to the suppression of sexual 
behavior in the majority of male rats [22]. 

Administration of the dopamine precursor L-DOPA in 
combination with a decarboxylase inhibitor decreases the 
intercopulatory interval and increases the postejaculatory 
interval [14]. Generally those drugs which decrease dopa- 
minergic tone have been observed to increase most param- 
eters of male sexual performance in rats [1,24] and also in 
men [11,23]. These studies indicate a modulatory role for 
dopaminergic systems in regulating components of the 
copulatory pattern. The present studies attempt to further 
clarify this role in terms of specific mechanisms and to corre- 


late the observed changes with circulating hormone levels. 


METHOD 


Adult male Long-Evans rats (Simonsen Labs, Gilroy, 
CA) were used for these studies. Animals were maintained 
three per cage under controlled light (14 hr light, 10 hr dark; 
lights off at 1100) and temperature (22-23°C). Wayne Lab 
Blox and water were available ad lib. 


Behavioral Screening Tests 


All animals were tested for sexual behavior prior to the 
initiation of these experiments. Testing was performed in 
semicircular arenas during the period of darkness (1230-1600 
hr) under dim lighting, except for part of Experiment | when 
testing was done in the lights on period (0800-1000 hr). The 
male was placed in the arena for a period of adaptation (2-5 
min) prior to the introduction of the female via an overhead 
trap door. The stimulus female was rendered sexually recep- 
tive by SC injection of 100 wg estradiol benzoate and 500 ug 
progesterone in 0.1 ml sesame oil 48 and 4-6 hr before test- 
ing. The occurrence of each mount, intromission and ejacu- 
lation was recorded on an Esterline-Angus event recorder. 
Each animal was given a maximum of five tests per week 
with at least three days between successive positive (tests 
with intromission and ejaculation) tests. Only those animals 
which in a total of six (Experiments 1, 2 and 4) or three tests 
(Experiment 3) achieved intromission (mounting with pelvic 
thrusting and penile insertion) within 15 min, ejaculated 
within one hr following the initial intromission, and again 
intromitted in the following 15 min were included as experi- 
mental subjects. Groups for the various experiments were 
selected so that no difference in the various parameters of 
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copulatory behavior existed prior to experimental manipula- 
tion. 


Full Behavior Tests 


Eighteen vigorously copulating males were used in Exper- 
iment 1. Animals were divided into groups A and B (n=9 per 
group) and tested as follows: Test 1 was conducted in the 
light period with group A receiving RDS-127 and group B 
receiving vehicle injections; Test 2 was also conducted in the 
light period with group A receiving vehicle and group B re- 
ceiving RDS-127 injections; Test 3 was conducted in the dark 
period with group A receiving RDS-127 and group B vehicle 
injections; and Test 4 was conducted in the dark period with 
Group A receiving vehicle and group B RDS-127 injections. 
Tests were conducted every four days. Thus each individual 
was tested in the light and dark periods receiving both RDS- 
127 and vehicle treatments. Testing was carried out as de- 
scribed in the previous section and the following parameters 
were calculated from the record: mount latency (ML), the 
time from the introduction of the female to the occurrence of 
the initial mount or intromission; intromission latency (IL), 
time from introduction of the female to the occurrence of the 
initial intromission; ejaculation latency (EL), time from first 
intromission to ejaculation; mount frequency (MF), the 
number of mounts without intromission preceding the ejacu- 
lation; intromission frequency HF), the number of intromis- 
sions preceding ejaculation; and postejaculatory interval 
(PEI), time from ejaculation to the first intromission of the 
next copulatory series. Intercopulatory interval (ICI) was 
calculated as EL divided by IF. Roman numerals I, II, III 
refer to successive copulatory series when allowed to occur. 
Tests 1 and 2, when positive, were terminated immediately 
after the first postejaculatory intromission. Tests 3 and 4, 
when positive, were terminated at the end of a 45 min test 
period (allowing multiple series to occur). Tests were termi- 
nated as negative if IL exceeded 15 min, EL exceeded one 
hr, or PEI exceeded 15 min. 


Mounting Tests 


In these tests, a local anesthetic (tetracaine hydrochlo- 
ride, 2% solution) was liberally applied to the penis during 
two | min applications within a seven min period to diminish 
sensory input from this source and eliminate intromissive or 
ejaculatory behavior [15]. The frequency of mounting was 
then scored during a 15 min exposure to a receptive female. 


Experimental Procedures 


All RDS-127 preparations were diluted to a concentration 
of 3.0 mg/ml in distilled water and the dose administered was 
3.0 mg/kg body weight. Control injections were equal vol- 
umes of distilled water. Animals were injected intraperito- 
neally 30 min prior to the introduction of the female into the 
mating area (Experiments 1, 2 and 3) or 30 min prior to blood 
sampling (Experiment 4). 

Experiment 1: as described above animals were tested 
every four days for full copulatory behavior for a total of four 
tests. 

Experiment 2: thirty animals, 15 per group, were sub- 
jected to mounting tests. 

Experiment 3: twenty-four vigorously copulating male 
rats were castrated transscrotally under ether anesthesia at 
111 days of age. In mating tests conducted 32 days postcas- 
tration these animals exhibited no copulatory behavior. 





RDS-127 AND SEXUAL BEHAVIOR 


TABLE 1 


EFFECT OF RDS-127 (3.0 mg/kg) ADMINISTERED 30 MINUTES PRIOR 
TO TESTING ON MULTIPLE EJACULATORY SERIES DURING A 45 
MINUTE TEST PERIOD 





Vehicle RDS-127 


(n= 18) 





Latencies: 
(minutes) 
ELI 
EL Il 
EL Ill 
Frequencies 
MF I 
MF II 
MF III 
IF I 
IF Il 
IF Ill 
Intervals: 
(minutes) 
PEI I 0.04 
PEI Il 0.19 
PEI III t 0.18 
ICI I + 0.07 
ICI Il 0.04 
ICI Il 0.62 + 0.14 


I+ I+ I+ I+ 


I+ I+ 





Abbreviations as in Method section, Mann-Whitney U-test, two- 


tailed. 


Thirty-five days after castration these animals were divided 
into two equal groups, one of which received injections of 
RDS-127 and the other distilled water 30 min prior to intro- 
duction of the female into the testing area. Following behav- 
ioral testing animals were returned to their cages and were 


again tested without treatment 19 days later (54 days 
postcastration). No displays of mounting, intromitting, or 
ejaculating were observed. Two days later RDS-127 or water 
were given as above, but treatment groups were reversed 
from the 35 day paradigm and the animals were given an- 
other mating test. 

Experiment 4: Animals from Experiment 2 were bled by 
jucular venisection following quick etherization (samples ob- 
tained in less than two min) seven days after the mounting 
test was conducted. Following an additional two week 
period animals were injected with RDS-127 or vehicle 
(treatment groups reversed from mounting test injections), 
decapitated 30 min later and trunk blood was collected. The 
blood was centrifuged and the plasma removed and frozen 
until assay. Prolactin measurements were performed utiliz- 
ing the NIAMDD kit. Luteinizing hormone (LH) measure- 
ments were obtained using the double antibody method of 
Niswender ef a/. [21], and the method of Frankel er al. [12] 
was employed to ascertain plasma testosterone levels. The 
intraassay coefficient of variation was 14.2% for prolactin, 
9.9% for LH, and 4.0% for testosterone. The LH and 
prolactin standards were RP-1. 


Statistical Treatments 


Mean values and standard errors were calculated for all 
data and the data presented in the figures and table represent 


mean+standard error. Endocrine effects of RDS-127 treat- 
ment were compared utilizing two-tailed Student f-tests. Full 
behavior data were analyzed utilizing the Mann-Whitney 
U-test, two-tailed. Mounting test data were analyzed via the 
Wilcoxan signed ranks test, and behavioral data on the cas- 
trates via the Fisher exact probability test. Values of p<0.05 
were considered significant. 


RESULTS 
Experiment | 


As demonstrated in Table | and Figs. 2 and 3, selective 
changes in the male copulatory pattern were observed fol- 
lowing IP administration of RDS-127 (3.0 mg/kg) 30 min prior 
to testing. This dose was selected since in previous studies 
[4, 5, 6] it produced significant increases in locomotor behav- 
ior and significant decreases in dopamine turnover. Signifi- 
cant decreases in IF (p<0.01, Fig. 2) and EL (p<0.01, Fig. 3) 
were seen in both the light and dark periods. MF (p<0.05, 
Fig. 2) was also reduced in the light period. As expected 
animals were consistently slower in the period of light, but 
the magnitude of RDS-127-induced alterations was approx- 
imately the same in both periods of light and darkness. No 
changes were exhibited in other parameters of the mating 
pattern. In addition, when more than one copulatory series 
was allowed to occur (dark period) vehicle treated animals 
showed a decrease in IF II (IF Ii vs IF I, p<0.01, Table 1), 
EL II (EL II vs EL I, p<0.01, Table 1), and an increase in 
PEI II (PEI II vs PEI I, p<0.01, Table 1), whereas no such 
changes were seen in the RDS-127 treated groups. Since no 
differences were observed between the groups tested with 
RDS-127 regardless of whether they received RDS-127 in- 
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FIG. 2. Effect of RDS-127 (3.0 mg/kg) administered IP 30 min prior 
to testing on the number of mounts (MF) and intromissions (IF) 
preceding the initial ejaculation (mean+standard error, Mann- 
Whitney U-test two-tailed, *=p<0.01, **=p<0.05, n=18/group). 


€ 
E 
w 
= 8 
~ 











ms 
LIGHT DARK 





FIG. 3. Effect of RDS-127 (3.0 mg/kg, IP) 30 min prior to testing on 
the latency to ejaculation (EL) in the rat (mean+standard error, 
Mann-Whitney U-test two-tailed, *=p<0.01, n=18/group). 


jections on the first and third or second and fourth tests the 
data were pooled for the above analyses (n=18/group). It is 
of interest to note that there was no overlap between IF for 
RDS-127 vs vehicle treated groups, and that even in the third 
copulatory series IF was lower for drug treated animals than 
for their vehicle controls. 


Experiment 2 


Upon exposure of the penis for anesthetization, 15 min 
following drug administration, 75% (11/15) of RDS-127 
treated individuals were observed to have seminal plugs on 
their penises, whereas only 6.7% (1/15) of the vehicle treated 
animals did. No difference was seen in the number of mounts 
attempted in the 15 min test period (RDS-127 14.0+3.9, Ve- 
hicle 21.7+5.1) beginning 30 min after injection and four to 
ten min after penile desensitization. No intromission or 
ejaculatory patterns were observed. 
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Experiment 3 


Administration of RDS-127 or distilled water 35 days after 
castration resulted in 66.7% (8/12) of the drug treated indi- 
viduals versus 8% (1/12) of controls exhibiting mounting be- 
havior (p<0.01). Intromissive and ejaculatory patterns were 
observed only in the treated group (33.3%, 4/12, ns). Of those 
rats exhibiting ejaculatory patterns two of four did so on the 
initial intromission, and three of four terminated their post- 
ejaculatory intervals with a second ejaculatory pattern. The 
amount of behavior shown by animals 56 days postcastration 
was markedly different. RDS-127 administration was fol- 
lowed by displays of mounting in 25% (3/12, ns) whereas 
vehicle injections resulted in only 8% (1/12) mounting. No 
intromissive or ejaculatory patterns were observed at this 
later time. 


Experiment 4 


The endocrine consequences of RDS-127 treatment are 
shown in Fig. 4. Thirty min following RDS-127 administra- 
tion plasma prolactin levels were markedly reduced 
(p<0.001) and a lesser decrement in plasma LH was seen 
(p<0.01). No alteration in plasma testosterone was evident 
in samples of trunk blood obtained following decapitation. In 
other samples obtained by jugular venisection seven days 
after RDS-127 treatment, no differences were observed in 
plasma prolactin, LH, or testosterone. Values obtained for 
control animals, as well as those for all animals seven days 
after RDS-127 treatment, were within the range of normal 
Long-Evans male rats of this age under similar sampling 
techniques in this laboratory. 


DISCUSSION 


The selective changes in the mating pattern following 
RDS-127 (3.0 mg/kg) suggest separate neurochemical sub- 
strates underlying the two major components of masculine 
sexual behavior: arousal and performance. The main behav- 
ioral effects of the drug in these studies (30 min after admin- 
istration) were decreased time and amount of stimulation 
required for the occurrence of ejaculatory behavior. RDS- 
127 exerts a primarily dopaminergic receptor stimulation in 
the rat central nervous system [3, 4, 6] and the drastic reduc- 
tions in intromission frequency and ejaculation latency indi- 
cate a primary role for dopamine in the regulation of the 
ejaculatory threshold. This suggestion is supported by exper- 
iments with other pharmacologic dopaminomimetics. 
Treatment with the ergoline lisuride results in alterations of 
the copulatory sequence similar to those seen with RDS-127 
[2]. Also, dopamine receptor stimulation with apomorphine 
has been reported to decrease intromission frequency [8] or 
intromission frequency and ejaculation latency [22], but 
these effects are not as selective as those following RDS-127 
or lisuride. The involvement of dopamine receptors is further 
indicated by the prevention of the apomorphine-induced 
changes by pretreatment with the dopamine receptor block- 
ing agent pimozide, which when administered alone slows 
down copulation (increases EL) or abolishes it [22]. Simi- 
larly, dopamine receptor blockade by the neuroleptic halo- 
peridol abolishes sexual behavior in ‘‘selected’’ copulators 
[24]. 

A high incidence of spontaneous seminal emission was 
observed shortly after RDS-127 treatment. Seminal emission 
has also been observed following systemic or intracisternal 
injection of the immediate dopamine precursor L-DOPA in 





RDS-127 AND SEXUAL BEHAVIOR 




















\ 


+ 


~ 


LLL LLe-ZA 





























30 min 7 days 30 min 


7 days 30 min 7 days 


FIG. 4. Endocrine consequences of RDS-127 (3.0 mg/kg, IP) administration: Tes- 
tosterone (T), Luteinizing hormone (LH), and Prolactin (PRL) (mean+standard 
error, Student’s f-test two-tailed, +=p<0.001, *=p<0.01, n=15/group). 


combination with a decarboxylase inhibitor. This effect is 
not attenuated by dopamine receptor blockade (haloperidol), 
a-adrenergic blockade (phentolamine), or #-adrenergic 


blockade (propranolol) [13]. The above are indicative of an 
acute dopaminergic stimulation of seminal emission not 
mediated by postsynaptic receptor stimulation which is 
probably localized within the central nervous system. 


The role of dopamine in sexual arousal remains contro- 
versial. Stimulation of dopamine receptors with RDS-127 at 
3.0 mg/kg did not change those parameters of the mating 
pattern associated with the arousal state: latencies to mount 
and intromit, and the postejaculatory interval. Ahlenius ef 
al. [2] observed similar effects with lisuride. To better estab- 
lish the presence or absence of dopaminergic effects on 
arousal, animals were tested following penile desensitiza- 
tion, a sensitive test allowing quantification of sexual arousal 
status [15], and no effects were found. These data indicated 
that the propensity of male rats to initiate the copulatory 
sequence was unchanged following dopamine receptor 
stimulation. Another approach for assessing effects on the 
arousal mechanism was to test for induction of behavior in 
castrate nonhormone replaced animals. RDS-127 stimulated 
mounting behavior (p<0.01) 35 days after castration and 
evinced a nonstatistically significant trend to stimulation of 
intromissive and ejaculatory behavior, but no stimulation 
was observed 56 days postcastration. No behavioral intro- 
missions or ejaculations were seen on either day for control 
animals, nor on day 56 in drug treated individuals. Lisuride 
has also been reported to induce sexual behavior in cas- 
trates, but differences were observed between incidences of 
intromitting and ejaculating, and the percentage of animals 
displaying ejaculatory patterns approached 50% only after 
repeated administration of increasing doses of the compound 
[2]. Malmnas [18] has also reported that dopamine receptor 
stimulation with apomorphine induces copulatory behavior 
in the castrate. These data from nonhormone replaced cas- 
trates are not straightforward since this is a highly un- 
physiologic state with androgens essentially absent and 
luteinizing hormone-releasing hormone present in elevated 
concentration. Luteinizing hormone-releasing hormone ad- 


ministered intracerebroventricularly has been reported to 
facilitate mounting behavior in the intact male rat [10]. Thus, 
it can be concluded that dopaminergic receptor activation is 
capable of inducing the display of sexual behavior in nonmat- 
ing recently castrated rats, but exerts little effect upon the 
arousal status of the intact copulating rat. 

Following a similar time course to the behavioral obser- 
vations reported above, pituitary-testicular hormone levels 
were measured in samples obtained from RDS-127 and ve- 
hicle treated rats by rapid decapitation. A six-fold decrease 
in plasma prolactin was seen, as expected following adminis- 
tration of a dopamine agonist, since dopamine is a powerful 
physiologic inhibitor of prolactin secretion [20]. Also ob- 
served was a lesser decrement in plasma LH, and other in- 
vestigators have recently reported that dopamine receptor 
blockade by pimozide noncompetitively antagonizes the 
luteinizing hormone-releasing hormone-stimulated release of 
LH in vitro [9] indicating an ambiguous role for dopamine in 
the regulation of LH release. No change in plasma testos- 
terone was evident. Samples obtained by venisection seven 
days after treatment did not show any long term effects of a 
single administration of this compound on these hormones. 

The data presented herein exhibit a strong case for do- 
paminergic regulation of the ejaculatory reflex in and ex- 
copulo; reinforce the notion of a clear separability of ejacula- 
tory and arousal processes; and introduce a new and power- 
ful dopamine agonist as a tool for use in the dissection of the 
mechanisms underlying male sexual behavior. How (or if) 
the potent prolactin-inhibiting effect of such dopaminergic 
receptor stimulation may be related to the behavioral actions 
of pharmacologic agents remains to be elucidated. 
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GERVAIS, R. AND J. PAGER. Functional changes in waking and sleeping rats after lesions in the olfactory pathways. 
PHYSIOL. BEHAV. 291) 7-15, 1982.—Food deprived control rats presented the following characteristics: (1) in a 
two-choice behavioral test, the animals explored significantly more the side of the cage odorized by a food odor (FO) than 
the non odorized one; (2) FO presentations in slow wave sleep (SWS) aroused them significantly more often than in a food 
satiated condition; (3) during wakefulness, the multiunit mitral cell responsiveness towards FO was selectively enhanced. 
The same 3 parameters have also been tested in animals where projections of one olfactory bulb were completely sectioned, 
or intact either in the medial or in the lateral part of one peduncle; the other olfactory peduncle was completely severed. 
The results showed that waking rats needed both medial and lateral projection pathways to perform normally in the food 
odor detection task, and to display the normal mitral cell excitability. However, in SWS, one medial pathway at least was 
needed to mediate normal rates of neocortical arousal in response to FO stimulations. The results are considered in terms of 
functional complementarity/redundance of the medial and lateral olfactory pathways. 

Sleep-wakefulness states Behavior Multiunit mitral cell activity 


Olfaction Bulbo-central projections 


GERVAIS, R. ET J. PAGER. Modifications fonctionnelles observées lors de la veille et du sommeil a la suite de lésions 
des voies olfactives chez le Rat. PHYSIOL. BEHAV. 29(1) 7-15, 1982.—Des rats témoins en état de privation alimen- 
taire présentent les caractéristiques suivantes: (1) lors d’un test comportemental de choix, les animaux explorent signifi- 
cativement plus longtemps le cété de la cage odorisé par une odeur alimentaire (AL) que le cété non odorisé; (2) les 
stimulations par l’AL, données au cours du sommeil a ondes lentes (SL), réveillent significativement plus souvent ces 
sujets en état de faim que lorsqu’ils sont rassasiés; (3) lors de l’éveil, |’excitabilité des cellules mitrales est sélectivement 
augmentée a l’égard de l’AL. Ces 3 paramétres sont également mesurés chez les animaux dont les projections d'un bulbe 
olfactif sont soit entiérement coupées, soit intactes uniquement dans la partie médiane ou latérale du pédoncule olfactif; 
l'autre pédoncule olfactif est complétement sectionné. Les résultats montrent que pendant | éveil, la voie médiane et la voie 
latérale sont nécessaires pour assurer des performances normales lors du test de détection de |’AL, ainsi qu'une excitabi- 
lité normale des cellules mitrales. Toutefois, au cours du SL, une seule voie médiane apparait nécessaire et suffisante pour 
assurer la réaction d’éveil néocortical en réponse aux stimulations par |’ AL. Les résultats sont discutés en termes d'une 
complémentarité et/ou d'une redondance fonctionnelle des voies olfactives latérales et médianes. 

Olfaction Projections bulbo-centrales Cycle veille-sommeil Comportement 
Activité multiunitaire des cellules mitrales 


elicited specific behavior patterns similar to those occurring 
spontaneously (food intake, hunting . . .) [7]. 
In the rat, connections of the olfactory bulb with central 


AS early as 1910, Herrick [16] showed, in fishes and amphi- 
bians, that the olfactory bulbs project to central structures 
by different bundlets. Recent studies established the central 


targets specific to each of these bundlets [1, 21, 27]. Some 
data suggested that the central olfactory bulb projections 
through the lateral and medial part of the peduncle could 
transfer different components of the olfactory information. 
In the Tench, antidromic stimulations of the lateral and me- 
dial bundlets elicited unit responses in lateral and medial part 
of the olfactory bulb respectively [9]. Finally, electrical 
stimulations of the different olfactory bundlets in the Cod, 


structures are also established by the lateral and the medial 
part of the peduncle. The lateral component is the lateral 
olfactory tract (LOT) [14], whereas the medial pathway is 
formed by deutoneurone collaterals reaching the anterior ol- 
factory nucleus (AON) in the medial part of the peduncle 
[6,8]. The fibers of anterior limb of the anterior commissure 
(AAC) reaching the AON constitute the dorsal component of 
the medial olfactory pathways; the ventral olfactory projec- 
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tions join the medial forebrain bundle (MFB) (Fig. 5). Sev- 
eral centrifugal systems contribute fibers to both pathways. 
In spite of the fact that the AON and the piriform cortex are 
tightly interconnected [13], the question was raised of a 
possible functional duality between the 2 main efferent sys- 
tems of the olfactory bulb. It has been proposed that the 
lateral component could be associated to finer analysis of 
olfactory information, whereas the medial one could mediate 
the general arousing property of odorants [25]. 

Intact food deprived rats tested in an odor detection task 
explored the side of the cage odorized by a food odor signifi- 
cantly more than the non odorized one. These starved 
animals stimulated in slow wave sleep (SWS) by a food odor 
were awaken significantly more often than just after their 
single daily meal [11]. Waking hungry rats displayed a selec- 
tive enhancement of the multiunit mitral cell responsiveness 
towards food odor [22]. This experiment was designed to test 
if the olfactory information ascending by one medial or one 
lateral pathway only could sustain these adapted behavioral 
and electrophysiological responses. The results suggested 
that both pathways are required in wakefulness and empha- 
sized the importance of the medial pathway in mediating 
responses during SWS. 


METHOD 
Subjects 


Forty eight male Wistar SPF rats weighing from 240 to 
280 g were used. They were exposed to natural light-dark 
cycle and had free access to water in their home cage. They 
have been habituated to eat a single 2 hour daily meal served 
at noon. 


Apparatus 


For the odor detection task, the animals were tested in a 
rectangular box made of vinyl-polychloride (62 x 26x29 cm). 
A vertical partition with a large door determined two adja- 
cent identical compartments (31 26x29 cm) that rats could 
explore freely. One longitudinal wall of the cage, made of 
Plexiglas, allowed visual observation of the rat’s behavior. 
At each extremity, 10 holes were drilled through the floor (2 
mm dia.), distributed within a circle; a cup could be placed 
under each of these 2 sets of holes. In each compartment, a 
glass tube allowed food pellet distribution close to the set of 
holes. 

For the electrophysiological recordings the rats were 
placed in a cylindrical Plexiglas cage (25 cm height, 19 cm 
dia.) described elsewhere [34]. An olfactometer equipped 
with flowmeters and electrovalves allowed to introduce odor 
puffs into the deodorized air flow (18 l/min) washing perma- 
nently the experimental cage from the top to the bottom. The 
odorants came from glass wash-bottles in which the air was 
saturated by the odor of the usual food of the animal or by 
isoamyl acetate. The food odor was presented at a concen- 
tration easily detectable by a human subject, and isoamyl 
acetate was at 2.5x10~° of the saturated vapor, measured 
with a flame ionization detector. Three sec elapsed from the 
moment of an electrovalve opening to the odor arrival at the 
level of the grid floor of the cage. 


Surgery 


The animals were fixed on a standard stereotaxic appara- 
tus under pentobarbital anaesthesia (50 mg/kg). To section 
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the olfactory peduncle (PED), a 3 mm long gap was drilled 
into the cranial bone, perpendicularly to the median suture, in 
the 12.8 mm anterior plane. The PED was cut with a small 
blade driven manually. The lateral olfactory tract (LOT), or 
the area of the anterior limb of the anterior commissure 
(AAC) were lesioned by an electrical current sent during 50 
sec through an insulated steel needle. The coordinates were: 
LOT: AP+10.4 mm, L 3.1 mm, DV —6.0 mm relative to the 
pial surface, I=1.5 mA; AAC, AP +9.4 mm, L 1.5 mm, DV 
—6.5 mm, I = 3 mA according to the K6nig and Klippel atlas 
of the rat brain [17]. 

Each rat was bearing cortical and muscular electrodes for 
recording the fronto-occipital and frontal bi-hemispheric 
electroencephalogram (EEG), the neck and vibrissae muscle 
activity (EMG) [5]. Bipolar silver electrodes (100 um dia.) 
were positioned into each olfactory bulb to record multiunit 
mitral cell activity. The position of the recording tips of the 
electrodes in the ventral mitral cell layer was checked by 
visual and auditory cues [22,24]. All the electrodes and the 
connector to which they were soldered were fixed onto the 
animal’s head by dental cement. 


Procedure 


The schedule before and during the experimental period 
itself is summarized in Fig. 1. The lesions of the olfactory 
pathways were made in two steps. For the first surgery (S1, 
day 4), 36 animals had one olfactory peduncle sectioned 
(PED) and 12 others were sham operated (control). For the 
second surgery (S2, day 8), the animals with one PED sec- 
tion, had a second lesion in one of the following contralateral 
structures: the LOT (12 rats, PED-LOT group), the AAC (12 
rats, PED-AAC group) or the other PED (12 rats, PED-PED 
group). The control group (12 rats) were twice sham oper- 
ated. The electrodes were placed during this second inter- 
vention. 

In the odor detection task, the animals were food de- 
prived for a 20 hours period. For each trial, they were placed 
in the experimental cage and a one min habituation period 
was allowed. Then, a cup full of the rat’s usual crushed food 
was placed under one set of holes, chosen at random. An 
empty cup was placed under the other set of holes at the 
opposite side of the cage. The time spent by animals in the 
odorized compartment of the cage was measured during a 5 
min period. A food pellet (40 mg) was distributed to animals 
at each period longer than 20 sec spent consecutively in the 
odorized compartment to maintain animal’s arousal along 
repeated trials. After each trial, subjects were returned to 
their home cage, and the experimental cage was washed with 
soapy water. On each day when the behavioral test was 
done, the animal’s scores were noted in 2 trials separated by 
a 40 min resting period. Their ability to localize the odor was 
measured along a 13 days period separated in different 
phases (see Fig. | and Table 1): 

phase I: days | and 2, intact rats without odorant source; 

phase II: days 3 and 4, intact rats with odorant source; 

phase III: days 6 and 7, test after section of one PED; 
phase IV: days 11, 12 and 13, test after the contralateral 
lesion of either LOT, AAC or PED. 
Then, the same animals were used for the electrophysiologi- 
cal study. 

The electrophysiological recordings were obtained on 
days 15, 17 and 19 (Fig. 1) with animals either food deprived 
for 22 hours (hungry state, H) or just after their single daily 
meal (satiated state, S). In each group, 6 rats were recorded 
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FIG. 1. Representation of the experimental schedule. The single daily meal schedule was maintained from day — 12 to day 19. During the period in 
which the behavioral test took place (BEHAV), 2 surgeries (S) were performed on each rat; Roman numbers refer to the different phases as defined in 
the text. On day 13, the animals were connected (cont) permanently to a recording wire and then accustomed (acc) to the recording apparatus 
in 2 sessions. The electrophysiological recordings (ELEC) were finally performed. 


in H-S-H order, and 6 rats in S-H-S order. During an experi- 
mental session, each rat received 3 sets of olfactory stimula- 
tions separated one from the other by a 20 min period; each 
set was composed of 10 odor puffs. The 2 odorants used, 
food odor and isoamyl acetate, were alternated every 2 min. 
For each stimulation, the corresponding electrovalve was 
switched on during 10 sec. 


Recording Interpretation 


The multiunit mitral cell activity was amplified, filtered 
(band pass 300-3000 Hz) and summated (time constant=0. | 
sec) before paper recording. During an olfactory stimulation 
a positive mitral cell response was noted if we observed a 
clear-cut elevation of the resting summated activity, within 
12 sec after odor arrival at the bottom of the recording cage 
[11, 22, 26]. With the standard criteria [29], the EEG and 
EMG recordings allowed to recognize the vigilance state of 
the animal as being: wakefulness, slow wave sleep (SWS) 
and paradoxical sleep. An olfactory stimulation given in 
SWS was considered to awake the animal if a neocortical 
desynchronization lasting more than 10 sec was noted and 
occurred within 12 sec following odor arrival [11,12]. Bulb 
activations and neocortical desynchronizations could be ob- 
served in absence of experimental stimulation. Rates of 
these spontaneous phenomena were evaluated by the follow- 
ing ratio: number of spontaneous responses/number of exam- 
ined samples. Twelve sec samples of each mitral cell record, 
1 min after isoamyl acetate presentations, were analyzed. 
The presence or absence of bulb activation were noted with 
the same criteria used to determine responses to olfactory 
stimulations. Thus 180 analyzed samples were chosen ran- 
domly; 114 occurring in wakefulness were considered. The 
vigilance states parameters were recorded during the 20 min 
resting period between sets of olfactory stimulations. A 12 
sec portion of the EEG traces were sampled with a 2 min 
interval between each of them. Among the 400 analyzed 
samples, 129 occurred in SWS. For the latter, the presence 
or absence of a neocortical desynchronization were noted. 


Histology 


At the end of the experimental schedule (day 19), each rat 
was deeply anaesthetized. He received a saline and a for- 
maldehyde intracardiac perfusion. The extent of the PED 


section was appreciated when the brain was removed from 
the skull. The placement of the electrolytic lesions were de- 
termined on 80 um thick slices of the frozen brain, colored 
with cresyl violet. 


RESULTS 


Lesion Placement 


The section of the PED cut more than 90% of the fibers 
connecting the olfactory bulb with the brain. One rat of the 
PED-PED group, and one of the PED-AAC group bearing 
smaller PED sections were discarded. The placement of the 
electrolytic lesions is shown in Fig. 2. Lateral lesions se- 
vered 50 to 100% of the LOT fibers. On the other hand, the 
medial lesions completely destroyed the AAC fibers in the 
coronal plane A 9.7 mm. The larger lesions extended to the 
nucleus accumbens and to the dorsal part of the medial fore- 
brain bundle (MFB). The 2 kinds of electrolytic lesions never 
did overlap. 


Behavioral Responses 
a) Odor Detection Task (Table 1) 


In the present experiment the 4 groups could not be con- 
ducted simultaneously. We limited ourselves to intra-groups 
comparisons, the animals being their own control in our 
before/after-lesion schedule. 

Phases I, II and III: In each group, the performances 
observed during each phase were not significantly different 
the ones from the others. So, the results obtained in the 4 
trials of each phase (2 trials/day) could be added up. The data 
are summarized in Table 1. Without an odorant source 
(phase I), the 4 groups of intact animals explored the cage at 
random. In fact, the 4 groups spent about the same time (2.50 
min) in each compartment of the cage. When food odor was 
present, all the intact subjects (phase II) explored the 
odorized side significantly more than the non-odorized one. 
After the section of one PED (phase III), all experimental 
groups spent significantly more time in the odorized side 
than the chance level. However, the variance of the per- 
formances observed in phase III tended to increase relatively 
to the one presented in phase II in the PED-LOT group, and 
in the PED-AAC group. 

Phase IV: After the second lesions of the olfactory path- 
ways, performances differed among the various groups. On 











LOT 


FIG. 2. Both types of electrolytic lesions reconstructed on frontal 
sections of the brain, modified from the atlas of K6nig and Klippel 
[17]. At left, lesion of the lateral olfactory tract (LOT); at right, 
lesion in the region of the anterior limb of the anterior commissure 
(AAC). For each coronal section, the smaller and the larger lesions 
are respectively indicated by black and grey areas (A, anteriority to 
the lambda point in mm). 


days 11, 12 and 13, the control sham operated rats explored 
significantly more the odorized side, whereas the PED-PED 
animals displayed a random exploration. In the PED-LOT 
group, the LOT lesion resulted in a random exploration on 
day 11; then a behavior significantly oriented towards the 
odorant source was recovered on day 12 and 13. After the 
AAC lesion, the PED-AAC animals showed an evolution of 
the mean values of their performances similar to that of the 
PED-LOT group; the PED-AAC rats explored significantly 
more the odorized side of the cage on day 13 only. In each 
group, the variance of the performances did not differ from 
one day to another; then from data obtained in phase IV, 
only one value of the variance was calculated. The compari- 
son of this value to the variance observed in phase II in the 
same intact animals showed a slight increase in PED-PED 
groups; F(53,43)=1.72, p<0.05, and a large one in PED-LOT 
group; F(73,43)=4.11, p<0.001, and in PED-AAC group; 
F(65,43)=2.75, p<0.001. 
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b) Arousal from Sleep (Fig. 3) 


The rate of neocortical desynchronization occurring 
spontaneously did not differ significantly between hungry 
and satiated situations and either from one group to another 
one; then, only the general mean value appears on Fig. 3. 
The awaking power of an odorant was expressed as the per- 
centage of stimulations given in SWS that elicited a neocorti- 
cal desynchronization. In control and PED-LOT animals, 
the food odor awakened the animals significantly more often 
in hungry state than in satiated state. Moreover, in these 2 
groups, the awaking power of the food odor was significantly 
higher than the rate of spontaneous neocortical arousal. On 
the other hand, in PED-AAC and PED-PED groups, food 
odor was no longer efficient in awaking animals. In each 
group, the awaking power of isoamyl acetate did not differ 
from the spontaneous level. 


Mitral Cell Activity 
a) Bulb Activity Without Stimulation 


For the electrophysiological study, traces were taken into 
account only on well lesioned rats presenting a large electri- 
cal activity in one olfactory bulb at least. In the control and 
the PED-PED groups, both olfactory bulbs presented sym- 
metrical recordings; for each rat only one bulb activity cho- 
sen at random was considered. The results came from 11 
control rats (11 sites), 8 PED-LOT rats (5 sites on the side of 
PED section and 8 on the side of LOT lesion), 8 PED-AAC 
rats (7 sites on the side of PED section and 8 on the side of 
AAC lesion) and 7 PED-PED rats (7 sites). The mean ampli- 
tude of the resting activity was: 

control sites: 79+29 nV, 

LOT sites: 57+13 wV, 

AAC sites: 72+16 wV, 

PED sites: 58+16 uvV. 

The variance analysis showed no significant variation of the 
amplitude from one kind of site to another; F(3,43)=2.16, 
p>0.05. The rate of spontaneous bulb activation did not dif- 
fer in the various experimental situations; so in waking 
animals a single value was calculated. 


b) Bulb Responsiveness in Waking Rats (Fig. 4) 


In PED-LOT group, the rate of positive bulb responses 
recorded on the side of PED section did not differ from the 
one presented on the side of LOT lesion; only, the results 
obtained in the side of LOT lesions appear on Fig. 4. The 
same phenomenon was noticed in PED-AAC group, where 
we showed only the bulb excitability on the side of the AAC 
lesion. 

Food odor presentations elicited a rate of positive bulb 
responses significantly higher in hungry than in satiated state 
in control animals only: x?=24.4, p<0.001. In the 3 other 
groups, the absence of any significant difference between the 
bulb reactivity in hungry and satiated states allowed to add 
up the results obtained in both nutritional states before com- 
parisons with the random level. The bulb sites recorded in 
PED-LOT and PED-AAC animals displayed a mean level of 
excitability towards food odor similar to the one observed in 
satiated control rats. Food odor elicited a rate of positive 
bulb responses very significantly higher than the rate at 
which spontaneous activation of mitral cells occurred in con- 
trol, PED-LOT and PED-AAC groups (p<0.001). 

For isoamyl acetate presentations, the bulb responsive- 
ness did not vary according to nutritional state, in each 
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TABLE 1 


MEAN VALUES (m) AND THEIR VARIANCES (S?) OF THE TIME SPENT BY ANIMALS IN THE ODORIZED 
COMPARTMENT OF THE DOUBLE CAGE 





Phase I 


Intact rats 


Days 1+ 


without odor 


2 


Phase II 


Intact rats 
with odor 
Days 3+4 


Phase III 


Test after 
one PED section 
Days 6+7 


Day 11 


Phase IV 


Day 12 


Test after both lesions 


Day 13 





m 
S2 
m 
S2 
m 
S2 
m 
S2 


Control 


PED-PED 


PED-LOT 


PED-ACC 


2.54 
0.99 
2.39 
1.03 
2.50 
0.59 
2.48 
1.71 


a 
0.30 
3.44*** 
1.55 
5 Oe alae 
0.51 
"= 
1.08 


3.74*** 
0.65 
i? 
1.38 
4.07*** 
1.00* 
a 
1.86* 


1a 


1.92 


462°" 
0.66 
2.63 
pay ae 
a 
a" 
3.15 
27" 


4.09*** 


2.79 


3.89*** 


3.46* 





For the mean values expressed in min, asterisks indicate those significantly different from the chance time, 2.50 
min. For the variances, asterisks point to those significantly different from the one observed in phase II in the same 
intact animals; *p<0.05; **p<0.01; ***p<0.001. 
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FIG. 3. Proportion (%) of olfactory stimulations given in slow wave sleep (SWS) and eliciting a 
neocortical desynchronization (grey area). Each bar represents an experimental situation. In each 
experimental group, the animals were stimulated in hungry state (H) and in satiated state (S). For a 
given odor the total number of presentations in SWS is indicated at the bottom of each bar. The rates of 
neocortical desynchronization observed during stimulations, significantly greater than the rate of spon- 
taneous arousal, are noted by asterisks. The arrows joining 2 bars indicate a significant difference 
between the observed values; *p<0.05; **p<0.01; ***p<0.001. 
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FIG. 4. Proportion (%) of mitral cell activations which occurred spontaneously and during olfactory 
stimulations (in black) in waking animals. For each group, the animals were stimulated in H and S 
states. We represent the bulb responsiveness recorded in control group, PED-LOT group on the side 
of the lateral olfactory tract lesion (LOT), PED-ACC group in the side of the anterior limb of the 
anterior commissure lesion (AAC) and in PED-PED group (PED). The total number of presentations of 
a given odor is indicated at the bottom of each bar. The proportions of positive bulb responses 
significantly different from the rate of spontaneous activations are marked by asterisks. The arrows 
joining 2 bars or a pair of bars indicate that the rates of positive responses were significantly different; 


*p<0.05; **p<0.01; ***p<0.001. 


group. For the statistical analysis, the results obtained in 
hungry and in satiated states were pooled together. When 
compared to the level of spontaneous activation, the rate of 
positive mitral cell responses to isoamyl acetate was signifi- 
cantly greater only in control, p<0.01 and in PED-AAC 
groups, p<0.05. 


DISCUSSION 


The main results obtained in this study are summarized in 
Table 2. 


Behavioral Responses 
a) Odor Detection Task - 


The results obtained with intact animals have established 
the following points: (1) without any odor introduced exper- 
imentally (phase I) all the animals displayed a random explo- 
ration; (2) the presence of food odor associated with food 
pellets led to significant modifications of the behavior: rats 
explored significantly more the odorized side of the cage 
than the non odorized one; (3) in each group, the lack of any 
significant variation of the mean value of performances from 
day 3 to day 4 indicated steady behavioral responses in the 
first trials. Performances of control rats were not modified 


by 2 sham operations which interrupted the test during a few 
days. The random exploratory behavior observed in PED- 
PED animals demonstrated that asymmetrical exploration in 
other groups was really an olfactory guided behavior. Then, 
this behavioral test appeared well adapted to measure re- 
peated performances based on olfactory cues. After the sec- 
tion of one olfactory peduncle, the subjects were still explor- 
ing more the odorized side of the cage, although variances 
were slightly increased in 2 of the 3 lesioned groups. After 
the PED section, contralateral lesions of either the LOT or in 
the region of AAC produced a transient decrease in the mean 
values of the time spent in the odorized side, and a perma- 
nent increase in the variance values. Functional recovery 
after lesion in the central nervous system could involve sev- 
eral levels of plasticity. Anatomical reconstruction of the 
lesioned fibers within the duration of the experiment was 
unlikely. Since the functional recovery was time dependent, 
it can be suggested that the functional reorganization in- 
volved some learning: a new central pattern of activity was 
associated to odor emanating from usual food. It seems that 
a single AAC bundle was more efficient than a single LOT to 
subserve this recovery. Further observations of these rats 
would have been necessary to ascertain this point; such a 
procedure was incompatible with electrophysiological re- 
cordings from the same animals. 
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TABLE 2 
SUMMARY OF THE MAIN CONCLUSIONS DRAWN FROM THE PRESENT EXPERIMENT 





Groups Control 


PED-LOT PED-AAC PED-PED 





Intact olfactory pathways All 


Detection in a 2 choice +++ 


test: Food odor/no odor 


Recognition of food odor 
in SWS 


Recognition of food odor 
in wakefulness 


One medial 


One lateral 


++ + 





For the odor detection task, performances observed after both lesions were compared to 
those presented by the same intact animals. For the other two parameters, results obtained 
in lesioned rats were compared to those observed in control group. The meaning of each 


symbol is: 


+++: a same behavioral or electrophysiological response to food odor 
++: some impairment of the response to food odor 
+: a large impairment of the response to food odor 


0: no response to food odor. 


In other behavioral studies, analogous lesions elicited ol- 
factory deficits but never anosmia. The detection threshold 
of an odorant was increased by a 3 to 5-fold factor after 
unilateral bulbectomy, and by a 5 to 7-fold factor after bilat- 
eral section in the region of AAC fibers [2]. The bilateral 
lesion of the LOT produced a slight impairment of rat’s per- 
formances in localizing odorants in a T maze [18]. Slotnick e7 
al. [28] demonstrated that, when 2 medial olfactory path- 
ways were intact, the rats could detect the presence of 
isoamyl acetate (0.1% of the saturated vapor), and could 
discriminate between 2 different concentrations of this odor 
(0.1% and 0.02%). In a straight alley, the running time of 
intact thirsty rats to reach a water reward was significantly 
greater in the presence of a fox odor than in the presence of a 
conspecific odor; after bilateral lesions of the LOT, both 
odors had the same weak inhibitory effect on the rats loco- 
motor activity [4]. All together these behavioral studies are 
in agreement with the hypothesis that one or two medial 
olfactory pathways could sustain the odor detection process, 
but did not allow discrimination between different odorants 
in waking animals. 


b) Arousal from Sleep 


Food odor only, a biologically meaningful odorant, could 
arouse the animals. Among some natural odorants, the fox 
(predator) odor was the more efficient in eliciting neocortical 
arousal [3]. In control and PED-LOT groups, food odor pre- 
sentations in SWS increased the rate of occurrence of 
neocortical desynchronization significantly, when compared 
to the one observed spontaneously. Moreover, these animals 
were awaken significantly more often in hungry state than in 
satiated state. On the other hand, food odor did not have any 
wakening influence on sleeping rats from PED-PED and 
PED-AAC groups. In our experimental conditions, the 
trigeminal system [30,31] and/or one intact lateral olfactory 
pathway could not transmit the ascending information nor- 
mally eliciting neocortical arousal responses; one medial ol- 
factory pathway only could subserve the arousing properties 


of food odor. The medial pathway seemed to allow food odor 
discrimination by sleeping rats since the rate of neocortical 
arousal was modulated according to the nutritional state of 
the animals (Table 2). 

In the cat ‘“‘encéphale isolé’’ preparation, the bilateral 
lesions of the medial forebrain bundle (MFB), at the level of 
preoptic area, abolished neocortical desynchronization elic- 
ited by odor puffs [20]. In free moving rats, unilateral lesion 
of the olfactory tubercle, extended to the ventral part of 
MFB, enhanced the awaking power of food odor signifi- 
cantly [12]. Finally, rats bearing bilateral lesion of the LOT 
were aroused significantly more often by fox odor then by 
conspecific odor, as it was observed in control animals [4]. 
All these data suggested that the neural pathways associated 
with the neocortical arousal response to olfactory stimula- 
tion involved the medial projections of the olfactory bulb on 
the AON and the AAC fibers descending to the MFB at the 
level of nucleus accumbens [19] (Fig. 5). 


Bulb Responsiveness in Waking Rats 


The mean amplitude of the mitral cell activity did not 
differ from one group to another. Thus, the intrinsic electri- 
cal properties of olfactory bulb did not seem to be modified 
by the lesions. Multiunit mitral cell responses resulted in the 
same time from odor quality and from parameters of the 
internal state. Considering that we controlled the nutritional 
component of the internal state only, a large variability of 
data could be reasonably expected in those unrestrained 
animals. Differences were regarded as being statistically 
meaningful when p<0.01 (2 asterisks at least in Fig. 4). The 
resting level of the summated mitral cell activity presented 
spontaneous activations; these changes occurred most often 
during sniffing behavior, as it was the case for any olfactory 
stimulation [10]. But the occurrence of these behavioral and 
nervous activations decreased along a series of identical 
stimuli [26]. It can be noted that this phenomenon was ob- 
served in PED-LOT and PED-AAC groups as well as in 
control rats; thus some signal was still detect in these groups. 








FIG. 5. Schematic representation of both hemispheres of the rat 
brain. The figure shows the different lesions performed in an attempt 
to determine pathways implicated in the transfer of the olfactory 
information which elicits neocortical arousal. The olfactory stimuli 
presented in slow wave sleep produced neocortical desynchroniza- 
tion in the same proportions in intact, PED-LOT animals or after 
bilateral section of the lateral olfactory tract (LOT) [4]. On the other 
hand, odors were inefficient in producing arousal in PED-ACC 
group, PED-PED group or after bilateral section of the medial fore- 
brain bundle (MFB) [20] (AAC, anterior limb of the anterior com- 
missure; PED olfactory peduncle; AC, anterior commissure; AON, 
anterior olfactory nucleus; MDT, medio-dorsal thalamus; ONC, ol- 
factory neocortex; OT, olfactory tubercle; PC, piriform cortex; RF, 
reticular formation; V, mitral and tufted cells). Further details in the 
text. 


Activations were randomly distributed in PED-PED groups. 
For isoamyl acetate, previous studies have shown some 
chemosensitivity of the trigeminal nerve [15, 32, 33]. In 
PED-PED group, the intact trigeminal system was not sensi- 
tive to isoamyl acetate presented at the concentration of 
2.5 10~* of saturated vapor; in fact, excitation of this system 
could elicit a sniffing behavior and mitral cell activations. 
Such bulb activations were not observed. 

In PED-LOT and PED-AAC groups, the temporal distri- 
bution of bulb responses to isoamyl acetate was the single 
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criterion that some signal was detected, since the rate of 
positive bulb responses was not significantly different from 
the random level. For food odor, bulb responsiveness in 
those 2 groups was similar to the one observed in satiated 
control animals. In PED-LOT and PED-AAC groups, the 
significantly higher rate of bulb responses to food odor than 
to isoamyl acetate suggests that information could be proc- 
essed differentially for each odorant; the odor from usual 
food still elicited some behavioral arousal. 

A previous study has shown that free moving rats dis- 
played a level of multiunit mitral cell excitability to food odor 
significantly higher in hungry (H) state then in satiated (S) 
state [22]. This selective facilitation of the olfactory input in 
hungry animals towards food odor has been ascribed to a 
centrifugal activation mediated by fibers reaching the bulb 
by the medial part of the olfactory peduncle [23]. The rate of 
positive bulb responses was modulated according to the nu- 
tritional state of the animal only when the stimulus was rec- 
ognized as a food odor [24]. In the present experiment, this 
modulation of the bulb excitability was observed in control 
group only. In PED-AAC animals, the absence of such 
modulation on the side of the AAC lesion may be explained 
by the section of the centrifugal fibers involved in the H/S 
difference. In PED-LOT animals, these centrifugal pathways 
were intact on the side of the LOT lesion, but the selective 
enhancement of the rate of bulb responses did not appear 
either. Thus, it seems that the olfactory information ascend- 
ing by only one medial pathway and possibly remaining LOT 
fibers did not allow recognition of the food odor as such. In 
other words, in waking rats, the medial pathways could sus- 
tain the detection of this stimulus, but not a full discrimina- 
tion (Table 2). 

In conclusion, the olfactory information conveyed 
through one medial or one lateral tract only could subserve 
some recovery of detection in a food odor versus no odor 
choice. Those signals mediated by one medial, but not lateral 
pathway, could still allow recognition of food odor as such in 
SWS, but not in wakefulness. The medial and lateral olfac- 
tory pathways appear therefore to be complementary, and 
not functionally redundant. Emphasis can be placed on the 
biological importance of the medial transfer of the olfactory 
information, for awaking in conditions related to animal 
survival. 
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FRANK, R. A., R. L. PRESHAW, R. M. STUTZ AND E. S. VALENSTEIN. Lateral hypothalamic stimulation: 
Stimulus-bound eating and self-deprivation. PHYSIOL. BEHAV. 29(1) 17-21, 1982.—Research was undertaken in an 
attempt to clarify the relationship between stimulus-bound eating and self-deprivation produced by electrical stimulation of 
the lateral hypothalamus. It was hypothesized that if these two phenomena are mediated through a common population of 
feeding-related neurons, a significant correlation should be observed between these two behaviors. No significant relation- 
ship was discovered among the rats tested for both stimulus-bound eating and self-deprivation. Although this finding by 
itself does not rule out some role for feeding-related neural elements in stimulus-bound eating and self-deprivation, the 
present results provide no support for this view and suggest alternative explanations should be sought. 


Lateral hypothalamic stimulation 


Rewarding brain stimulation Self-stimulation 


Stimulus-bound eating 
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THAT electrical stimulation of the same lateral hypotha- 
lamic site can evoke both eating (stimulus-bound eating) and 
reward has never been adequately explained. If, for exam- 
ple, animals eat because stimulation makes them hungry 
[4,22], then, it seems paradoxical that they should self- 
stimulate at the same electrode site, unless one assumes 
hunger is rewarding. On the other hand, if Spies’ [16] as- 
sumption that rewarding stimulation produces a temporary 
food drive reduction (‘‘transient satiety equivalent’’) is ac- 
cepted then it is equally puzzling that animals eat when 
stimulated at the brain site. Attempts to resolve the paradox 
by noting that different stimulation durations are typically 
used to evoke eating and self-stimulation are not convincing 
as several investigators have demonstrated both phenomena 
with identical parameters [2,10]. 

Earlier work by Margules and Olds [9] and Hoebel and 
Teitelbaum [8] demonstrated that self-stimulation rates in the 
lateral hypothalamus are potentiated by food deprivation. 
Because self-stimulation and eating apparently are both 
more rewarding when animals are hungry, it was concluded 
that electrical stimulation of certain hypothalamic regions 
artificially activates the neural structures that mediate re- 
ward associated with food ingestion. This argument, how- 
ever, never specifically addressed the question of why 
animals should eat in response to brain stimulation that ac- 
tivates the reward associated with eating. 

Valenstein and his co-workers have offered other expla- 





nations of stimulation evoked eating which may help to ex- 
plain the paradox. The numerous differences between eating 
evoked by stimulation and by hunger and the experiments 
demonstrating that an animal will display different behaviors 
in response to the same stimulation raised the possibility that 
stimulus-bound behavior is a response to a relatively 
nonspecific activational state [1, 18, 20, 21]. The behavior 
displayed during brain stimulation seems to depend upon 
available objects and subject predisposition rather than the 
activation of a specific drive such as hunger. This interpreta- 
tion, however, remains controversial [4,22]. 

It has also been found that electrical stimulation of the 
lateral hypothalamus can produce food self-deprivation 
when food and an opportunity to self-stimulate are simulta- 
neously available [15,16]. Although these results are dra- 
matic demonstrations of the relative strength of rewarding 
brain stimulation, it is not clear why self-stimulation at some 
lateral hypothalamic sites, but not other, can cause a hungry 
animal to neglect available food [13]. If it is assumed that 
brain stimulation at some sites activates a state of hunger 
while stimulation at other sites produces a reduction in 
hunger, the behavior of animals in a test involving competi- 
tion between the opportunity to self-stimulate or eat should 
differ depending on the motivational consequences of stimu- 
lation. 

The few incidental reports that exist do not provide 
adequate data to resolve the issue. For example, Morgan and 
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Mogenson [11] reported that three rats who were stimulus- 
bound drinkers did not make a single lever press for water 
during a water-brain stimulation competition session despite 
71 hours of water deprivation. On the other hand, Olds [12] 
cited an observation that hypothalamic stimulation that 
evoked eating failed to produce self-deprivation of food in a 
competition test. Finally, no stimulus-bound feeding was ob- 
served in self-depriving rats with electrodes in the lateral and 
posterior hypothalamus when repetitive short trains of 
stimulation were used [13,17]. 

In the present study, rats were tested for both self- 
deprivation and stimulus-bound feeding in an attempt to 
clarify the relationship between these phenomena. If 
stimulus-bound feeding and self-deprivation are mediated by 
a common neural substrate, one should expect some rela- 
tionship to exist between the two phenomena. 


METHOD 


Subjects, Surgery, Stimulation Parameters and Test 
Schedule 


The experimental subjects were 29 male Long-Evans 
hooded rats (Simonsen Co., Gilroy, CA) that had completed 
all phases of the testing and had met a self-stimulation crite- 
rion of at least 40 responses per minute. All animals weighed 
between 250-300 g at the time of surgery. The experimental 
subjects were implanted with a twisted bipolar stainless steel 
electrode (Plastic Products Co., Roanoke, VA, MS 3037/1 
0.25 mm dia.) insulated except at the electrode tip. Equithe- 
sin (Jensen-Salsberg Lab, Kansas City, MO) anesthetic (2.7 
ml/kg) was used, and the electrodes were fixed to the skull 
by stainless steel screws and dental acrylic. With the skull 
held level between bregma and lambda, stereotaxic coordi- 
nates were: 3.3 mm posterior to bregma, 1.4 mm lateral from 
the midline and 8.3 mm below the skull surface. In the 
stimulus-bound eating tests, animals were stimulated with 20 
sec trains of 60 Hz sine waves from a constant current 
source, alternating with 15 sec interstimulus intervals. The 
onset and duration of electrical stimulation was always con- 
trolled by automatic programming equipment. In the self- 
stimulation and competition tests a 60 Hz sine wave (train 
duration 300 msec; intensity 30 «A RMS) was delivered from 
a constant current stimulator following each lever press. 

For 20 of the animals, the stimulus-bound eating tests 
were administered first followed by the self-stimulation and 
competition tests. The procedure was reversed for 9 of the 
animals. The stimulus-bound eating tests were performed in 
the Neuroscience Laboratory of the University of Michigan 
while the self-stimulation and competition tests were per- 
formed in the Psychology Department Animal Laboratory of 
the University of Cincinnati. The second test was always 
performed by experimenters having no knowledge of the 
outcome of the first test. 

In addition to the 29-Long-Evans rats, 11 male Sprague- 
Dawley rats were tested using a slightly modified procedure. 
The results of the tests of the Sprague-Dawley rats comple- 
ment the data obtained from the Long-Evans rats and are 
described in the Results and Discussion section. 


Stimulus-Bound Eating Procedure 


Animals were housed in individual cages with food and 
water available. The animal rooms were temperature regu- 
lated and the lights were maintained on a 12-hour light/dark 
cycle. One week following surgery, animals scheduled to be 
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tested first for stimulus-bound eating were placed in a 
20.5 26.5x43.5 cm Plexiglas chamber with a cardboard 
floor. Food pellets (P. J. Noyes Co., Lancaster, NH, 45 mg) 
were scattered on the floor. Following 30 min of habituation 
to the test chamber, animals were screened for stimulus- 
bound feeding. Animals were initially exposed to a 1.0 wA 
current that was increased by | wA on each subsequent trial 
until the animal ate, or until the stimulation seemed to agitate 
the rat excessively. Observations were made carefully to 
assure that the animals actually ingested food rather than 
only crumbling it. 

If a rat regularly ate during stimulation and did not eat 
during the intertrial interval, it was designated as ‘‘positive.”’ 
Rats not eating were rescreened within 48 hours using the 
same procedure. Animals failing to show consummatory be- 
havior after two screenings were classified as ‘‘negative.”’ 

Positive rats were then given stimulation intensity 
threshold tests. The threshold test consisted of a modified 
‘*stair-case titration’’ procedure for obtaining the minimum 
stimulation intensity capable of evoking eating. The current 
intensity was raised in | wA steps from an initial level 3 wA 
below the animal’s screening threshold, until eating oc- 
curred. The same current intensity was then repeated on the 
next trial. If eating did not recur, the intensity was raised. 
Following two consecutive positive trials at the same inten- 
sity, the current was reduced by 3.0 wA and the process was 
repeated twice. The three intensities at which an animal ate 
twice in succession were averaged to obtain the threshold 
intensity. 

After the current threshold testing was completed, all 
positive animals received 20 stimulations at a_ supra- 
threshold intensity judged to be at an optimal level for elicit- 
ing eating. The number of times stimulation evoked eating 
was recorded. 


Self-Deprivation Procedure 


Apparatus. All testing was done in chambers (25 x22 x 34 
cm) constructed of wood and Plexiglas. A metal lever was 
mounted approximately 5.0 cm from a floor constructed of 
aluminum rods spaced 1.0 cm apart. Brain stimulation was 
delivered through cables equipped with mercury com- 
mutators (Scientific Prototype), which allowed the animal 
relatively free movement while connected to the stimulation 
circuit. A food cup measuring 5x43 cm was anchored in 
the rear of the chamber and was filled with 30 200 mg Noyes 
pellets at the start of each self-stimulation/food competition 
period. Electromechanical counters were used to record 
lever presses for the brain stimulation reward. 

Self-stimulation screening and baseline feeding proce- 
dure. Subjects were trained to lever press for brain stimula- 
tion at 30 wA, an intensity previously established to support 
high self-stimulation rates for most subjects with comparable 
electrode placements. After animals were pressing at stable 
rates, a 10 min test was given to obtain a measure of their 
self-stimulation performance. Two animals that failed to 
meet the self-stimulation criterion of 40 presses/min were 
eliminated from the experiment at this point and are not 
included in the results obtained from the 29 animals that met 
our self-stimulation criterion and completed all tests. 

Following the 10 min self-stimulation test, the 29 experi- 
mental subjects were deprived of food for 24 hours and 
placed in the test chamber where they were given access to 
30 200 mg Noyes pellets for 45 min. On four consecutive 
days, subjects were fed only in the test chamber. During this 
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FIG. 1. Electrode placements in the 29 Long-Evans rats. Behavior in the stimulus-bound eating (S-BE) and 
competition tests is indicated as follows: @ positive S-BE and self-deprivation; * positive S-BE and non- 
deprivation; @ negative S-BE and self-deprivation; A negative S-BE and non-deprivation. Animals were consid- 
ered to be self-deprivers if they ate an average of less than 5 food pellets per test. 


period, the self-stimulation lever was not available. After the 
fourth day, animals were given three days of ad lib feeding in 
their home cages. This free feeding allowed them to regain 
the weight lost during the preceding deprivation days. 

Competition tests procedure. Following the free-feeding 
period, animals were again deprived of focd for 24 hours and 
placed in the experimental chamber where access to the 
self-stimulation lever and food were both available during a 
45 min competition test. This procedure was repeated on 
three consecutive days during which time no food was avail- 
able in the home cage. The number of pellets eaten during 
the 45 min test was recorded on each day. 

Stimulus-bound behavior retest. After the completion of 
the competition tests, subjects that had received the 
stimulus-bound eating test first were retested for stimulus- 
bound behavior using the procedure described above. 


Histology 


Upon completion of behavioral testing, the animals were 
overdosed with Equithesin and perfused through the heart 
with saline and 10% Formalin solution. Frozen sections (60 
pum) of the brains were examined to locate the electrode tips. 


RESULTS AND DISCUSSION 
Fifteen of the 29 Long-Evans animals reliably displayed 


stimulus-bound eating. Three of the animals _ initially 
classified as negative ate consistently in response to stimula- 
tion when retested and were reclassified. The behavior of 
other animals was consistent between the two tests. The 
average threshold intensity capable of evoking eating was 8.6 
uA RMS (range 4.0-15 wA) and the average number of times 
animals ate out of the 20 stimulations at optimal current in- 
tensities was 18.7 (range 15-20). 

Self-stimulation rates for the 29 animals ranged between 
41 and 110 presses per minute and averaged 76.5 and 72.1 for 
the 15 positive and 14 negative stimulation-bound feeders, 
respectively. This difference was not statistically significant. 

In the three competition tests the average number of pel- 
lets eaten ranged from 0 to 30. Five animals did not eat any 
food pellets during the three 45 min tests while 3 animals ate 
all or most (average greater than 23 per test) of the available 
pellets on each of the tests. The average number of pellets 
consumed in a single competition test was 8.50 for the 29 
animals. 

There was a slight tendency for the positive stimulus- 
bound eaters to consume less food in the competition tests 
than the non-eaters (average of 6.4 compared to 9.4). This 
difference was evaluated using a point-biserial correlation 
test that compared the number of pellets consumed by the 
positive and negative stimulus-bound eaters. The point bise- 
rial was not significant (rpb=.27; 1(27)=1.45) and supports 





FIG. 2. Electrode placements in 8 of the 11 Sprague-Dawley rats. 
Behavior in the stimulus-bound eating (S-BE) and competition tests 
is indicated as follows: @ positive S-BE and self-deprivation; * 
positive S-BE and non-deprivation; M® negative S-BE and self- 
deprivation; A negative S-BE and non-deprivation. Animals were 
considered to be self-deprivers if they ate an average of less than 5 
food pellets per test. 


the conclusion of no relationship between stimulus-bound 
eating and performance in the competition test. 

In addition to the Long-Evans rats tested in this study, 11 
Sprague-Dawley rats that had completed an extensive series 
of competition tests over an 8 week period were later tested 
for stimulation-bound feeding using the procedure described 
above. The electrode coordinates differed from those used 
with the Long-Evans rats only in that they were more 
posterior (4.5 mm posterior to bregma) in the lateral hypo- 
thalamus (compare Figs. | and 2). These data also revealed 
no significant difference in the number of pellets eaten in the 
competition tests by positive and negative stimulus-bound 
eaters. The mean number of pellets consumed during their 
last 3 competition tests was 18.3 for the 7 positive stimulus- 
bound eaters and 13.6 for the 4 negative animals. The slight 
trend being in the opposite direction to that seen with the 
Long-Evans rats supports the conclusion that there is no 
relationship between behavior in the competition and 
stimulus-bound eating tests. 

An analysis of the relationship between baseline self- 
stimulation rate during the 10 min test and the number of 
pellets eaten during the competition test was undertaken in 
order to determine if animals self-stimulating at the highest 
rates would be least likely to stop lever pressing in order to 
eat. For this purpose, we classified the Long-Evans animals 
as either ‘‘self-deprivers’’ or ‘‘non-deprivers’’ based on their 
performance in the competition test. The 13 animals that ate 
less than an average of 5 pellets per test were classified as the 
‘*self-depriver’’ group. The 16 animals that averaged 5 or 
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more pellets per test were considered ‘‘non-deprivers.’’ Al- 
though the dividing point is somewhat arbitrary, it is likely 
that animals eating less than five 200 mg food pellets per day 
would have starved had the tests been continued. The self- 
stimulation rate averaged 75.3/min and 73.6/min for the 
‘*self-deprivers’’ and ‘‘non-deprivers,’” respectively, a 
difference which is not significant. Among the highest 6 
self-stimulation rates, for example, there were 3 ‘‘self- 
deprivers’’ and 3 ‘‘non-deprivers.’’ A similar overlap in 
self-stimulation rates was also found between the 7 ‘‘self- 
deprivers’’ and 4 ‘‘non-deprivers’’ of the Sprague-Dawley 
strain. 

The lack of relationship between self-stimulation rate and 
performance in the competition test seems to contradict an 
earlier study [17] reporting a positive relationship based on 
the data from a relatively small group of Wistar strain rats. In 
addition to differences in the strains of rats, the two studies 
also differed in that baseline self-stimulation rates in the ear- 
lier study were obtained while animals were food-deprived. 
The earlier conclusion that magnitude of brain stimulation 
reward determines behavior in a competition test may ulti- 
mately prove correct [5, 6, 13, 17]. However, in view of the 
shortcomings of self-stimulation rate as a measure of reward 
strength [7,19] and the extent of the overlap in rate scores in 
‘‘deprivers’’ and ‘‘non-deprivers”’’ in the present experi- 
ment, it is unlikely that even self-stimulation rates obtained 
under food deprivation conditions would have been corre- 
lated with food pellets eaten in the competition tests. Rout- 
tenberg and Bulloch [14] also concluded that self-stimulation 
rate was not related to behavior in their competition tests. It 
is possible, however, that some relationships might emerge if 
animals self-stimulating at very low rates were not elimi- 
nated. 

The histological results for the Long-Evans and 
Sprague-Dawley rats are summarized in Figs. 1 and 2, re- 
spectively. In agreement with earlier reports [1,3] there was 
no critical focus within the lateral hypothalamus for evoking 
stimulus-bound eating. A similar conclusion may be drawn 
for the electrode sites of animals that were classified as 
‘*self-deprivers’’ as noted earlier by Rossi and Stutz [13] and 
Frank, Preshaw and Stutz [5]. It should be emphasized, 
however, that this conclusion applies only to the electrode 
placements within the medial to posterior extent of the lat- 
eral hypothalamus as there were no anterior hypothalamic 
placements and only one medial placement in our sample. 
Consistent with the difference in stereotaxic coordinates, the 
electrode placements in the 8 Sprague-Dawley rats for which 
histology was available tended to be more posterior than 
those for the Long-Evans rats. 

If self-deprivation and stimulation-bound feeding depend 
upon stimulation of a common population of feeding-related 
neurons, a consistent relationship between the two 
phenomena should exist. No such relationship was observed 
in the present investigation. The behavior of hungry animals 
self-stimulating with electrodes that differ in their capacity to 
elicit eating do not differ in the probability that they will 
neglect food in a competitive situation. Although this finding 
by itself does not rule out some role for feeding-related 
neural elements in stimulation-bound feeding and self- 
deprivation, the present results provide no support for this 
view and suggest that alternative explanations should be 
sought. 
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ARUNACHALAM, S. AND S. PALANICHAMY. Sublethal effects of carbaryl on surfacing behaviour and food utiliza- 
tion in the air-breathing fish, Macropodus cupanus. PHYSIOL. BEHAV. 291) 23-27, 1982.—Sublethal effects of 
carbaryl on surfacing behaviour and food utilization in the obligatory air-breathing fish Macropodus cupanus were studied 
by rearing the fish individually in freshwater (pesticide-free) and four different sublethal concentrations of carbaryl (1 to 2.5 
ppm). M. cupanus exhibited increased surfacing with the increased concentration of carbaryl. Enhanced rate of surfacing 
may be the result of stress exerted by the toxicant. Food intake of M. cupanus reared in different concentrations of carbary] 
did not vary significantly. Growth decreased with increased concentrations of carbaryl, possibly due to excessive expendi- 
ture of energy on metabolism that otherwise could have been channelled into fish growth. Frequent surfacing may also 
account for the expenditure on metabolism. Hence, the conversion efficiency of M. cupanus reared at higher concentra- 


tions of carbaryl was poor and was inversely related with higher concentrations of carbaryl. 
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ACCUMULATION of pesticides in freshwater bodies and 
their toxic effects on freshwater organisms are well known. 
There have been reports on the effects of several toxicants 
on various physiological responses of fishes [6,14] including 
the effects of sublethal concentrations of toxicants on food 
intake, growth and conversion efficiency of the fish [3, 5, 9, 
16]. There is however a paucity of information regarding the 
sublethal effects of insecticide on the swimming behaviour of 
fishes. Hence, an attempt has been made to study the suble- 
thal effects of carbaryl on the surfacing behaviour and food 
utilization of Anabantid air-breathing fish Macropodus 
cupanus. 


METHOD 


Juveniles of Macropodus cupanus (305+17.8 mg) were 
collected from a nearby pond and acclimated to the labora- 
tory condition and feeding schedule. In a preliminary exper- 
iment, the sublethal concentration of carbaryl on M. 
cupanus for a 96 hour-exposure period was determined by 
exposing them as a group (10 individuals) to different con- 
centrations of carbaryl (S0 WP. Union Carbide India Ltd.), 
such as | to 10 ppm. The highest concentration of carbaryl 
which showed 100% survival of fish was considered the sub- 
lethal level. 

This concentration of carbaryl was found to be 2.5 ppm. 


Hence, it was taken as the maximum concentration for rear- 
ing experiments. M. cupanus were reared individually in 
cylindrical aquaria (15 cm diameter) filled to a 20 cm depth 
with different carbaryl media (0, 1.0, 1.5, 2.0 and 2.5 ppm). 
Five individuals were reared in each medium. The fish were 
fed on an ad lib diet of fresh pieces of goat liver, once a day 
between 11 a.m. and | p.m. The unfed remains were care- 
fully collected using a pipette minimizing disturbance to the 
fish. The culture medium was changed once every three 
days. The faeces were collected by filtering the medium 
while changing the same. The following experiments were 
conducted for 26 days at 28+1°C. 

Number of surfaces by each fish reared in different con- 
centrations of carbaryl was observed every day at 8 a.m., 12 
Noon, 4 p.m. and 8 p.m. The mean number of surfaces per 
day of M. cupanus reared at different concentrations of car- 
baryl was calculated. The distance traveled by an individual per 
day was also estimated by multiplying the mean number of 
surfaces by twice the depth of water. Observations were 
made on 5 individuals, 4 times a day for 26 days, so that each 
value for surfaces was based on a minimum of 500 observa- 
tions. 

The feeding rate was expressed in terms of mg dry food 
consumed/g live fish/day. 

In this experiment, the *‘Sacrifice Method’’ described by 
Maynard and Loosli [7] was adopted to determine the 
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growth. Growth rate was expressed in terms of mg dry sub- 
stance gained/g live fish/day. 

The conversion efficiency (K,) was expressed in terms of 
percentage of absorbed food converted into fish flesh; i.e., 


K, = Growth (mg/day) 
> Food absorbed (mg/day) 


x 100. 





The IBP formula used to express the scheme of energy 
balance [11]: 
C=P+R+U+F 
Where C = the food energy consumed 
= the growth 
R = the energy lost as heat due to metabolism 
F = the faeces and 
U = the nitrogenous excretory products 
was modified. Since the U was not estimated in the present 
study, both ‘‘R”’’ and ‘‘U”’ were expressed together as me- 
tabolism, M [10]. Therefore, C = P + M + F. 


RESULTS 
Survival 


Table 1 shows the percentage of survival of M. cupanus at 
different concentrations of carbary] as a function of different 
durations of exposure (24, 48, 72 and 96 hour). It was found 
that 2.5 ppm was a sublethal concentration and 4.5 ppm was 
toxic for 96 hour-exposure. The median lethal concentration 
which kills 50% of the test individuals during a 96 hour- 
exposure was 3.5 ppm. 


Surfacing 


M. cupanus exhibited increased number of surfaces at 
higher concentrations of carbaryl. For instance, the fish 
which were reared in pesticide-free water surfaced 1140 
times/day, swimming 456 m/day. The rate of surfacing 
gradually increased to 1946 times/day and swimming to 778 
m/day, when the fish were reared in 2.5 ppm (Fig. 1 Lower 
panel). 


Food Utilization 


Food intake of M. cupanus reared in different concentra- 
tions of carbaryl (1 to 2.5 ppm) did not vary significantly 
from that of fish reared in pesticide-free water (Table 2). The 
average feeding rate of test individuals reared in different 
sublethal concentrations of carbaryl was 24.4 mg/g/day, 
while that of fish reared in pesticide-free water was also 24.9 
mg/g/day. The absorption efficiency did not vary signifi- 
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TABLE 1 


EFFECTS OF DIFFERENT CONCENTRATIONS OF CARBARYL ON 
THE SURVIVAL OF M. cupanus AS FUNCTION OF 24, 48, 72 
AND 96 HOUR 





Percentage survival 
Concentration 
of carbaryl Exposure duration (hr) 
(ppm) 48 72 





1.0 100 100 
100 100 
100 100 
100 100 
100 100 
100 60 
100 50 
80 20 
80 0 





cantly in fish reared either in pesticide-free water or in dif- 
ferent concentrations of carbaryl which averaged 92.4%. The 
growth of M. cupanus was profoundly inhibited in carbaryl 
medium. The reduction in growth rate was gradual and sig- 
nificant as the concentration of carbaryl increased (Table 2). 
The growth rate of M. cupanus reared in pesticide-free water 
was 3.1 mg/g/day and was reduced to 2.7, 2.1, 1.2 and 0.9 
mg/g/day, when reared in 1, 1.5, 2.0 and 2.5 ppm carbaryl, 
respectively. 

The calculated metabolic rate of M. cupanus increased 
with increasing concentrations of carbaryl (Table 2). The 
metabolic rate of fish reared in pesticide-free water increased 
from 19.9 mg/g/day to 22.2 mg/g/day for individuals reared at 
2.5 ppm carbaryl. 

The food conversion efficiency (K,) of M. cupanus de- 
creased with increasing concentrations of carbaryl (Table 2; 
Fig. 1 upper panel). For instance, the conversion efficiency 
gradually fell from 13.5% in the fish grown in pesticide-free 
water to 3.9% in those reared in 2.5 ppm carbaryl medium. 


DISCUSSION 


Macropodus cupanus is an obligatory air-breathing fish 
which surfaces periodically to acquire atmospheric oxygen. 
The surfacing behaviour of M. cupanus is altered by en- 
vironmental stress [13]. In the present studies, M. cupanus 


TABLE 2 


EFFECTS OF DIFFERENT SUBLETHAL CONCENTRATIONS OF CARBARYL ON FOOD INTAKE, GROWTH, METABOLISM 
AND CONVERSION EFFICIENCY IN Macropodus cupanus 





Initial wet 
Concentration weight 
(ppm) (mg) 


Feeding rate 
(mg/g/day) 


Absorption rate 
(mg/g/day) 


Conversion 
efficiency 
(%) (Kz) 


Metabolic Absorption 
Growth rate rate efficiency 
(mg/g/day) (mg/g/day) (%) 





0.0 307.3 + 54.60 24.99 + 3.29 


23.0 + 2.84 
1.0 300.7 + 75.37 24.6 25:2 42097 
1.5 297.3 + 60.01 23.8 + 2: mes 1.95 
2.0 286.7 + 85.05 ae 6 2: 22:5 & 2.11 
2-3 334.0 + 81.28 24.6 + 1. Zo 2 147 


13.5 + 1.79 
12.0 + 1.92 
9.6 + 1.02 
332i 
3.9 + 1.08 


199+ 1.92 92.4+2.12 
19.8+ 1.83 91.3 + 3.49 
19.8+ 2.41 92.1 + 2.92 
AS+t%2t 922+ 137 
22.2+ 1.95 93.8 + 2.45 


> A gl edt et a 
One nae 
It I+ I+ I+ I+ 





Each value represents the average (Mean + S.D.) performance of five individuals observed for a period of 26 days at 28 + 1°C. 
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FIG. 1. Surfacing frequency (lower panel) and conversion efficiency (upper panel) of M. 
cupanus as a function of carbaryl concentrations. The vertical lines indicate the standard 


deviation (S.D.). 
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exhibited increased rate of surfacing with increasing concen- 
trations of carbaryl (Fig. 1, lower panel). The regression 
analysis shows that the observed surfacing frequency (Y) 
increases exponentially with the increasing concentrations of 
carbaryl (X). The regression equation was log Y=6.8459 + 
0.3 X, i.e., Y varies exponentially as 0.3 X (Fig. 2, lower 
panel). Such surfacing might be to procure a definite propor- 
tion of its O, requirements from the atmosphere. There have 
been reports that fishes showed behavioural changes when 
they were exposed to toxicants [4, 8, 17]. Puntius ticto ex- 
hibited increased rate of surfacing and opercular beats when 
it was tested at higher concentrations of sodium pen- 
tachlorophenate [9]. Arunachalam et al. [3] also found an 
increased rate of opercular beats and swimming activity in 
Mystus vittatus when they were reared in sublethal concen- 
trations of carbaryl. 

These studies on food utilization in M. cupanus clearly re- 
veal that although the fish consume more or less equal 
amounts of food when reared in different sublethal concen- 
trations of carbaryl, they exhibit reduced growth, spending 
more of their energy on metabolism (Table 2). The fish 
reared in 2.5 ppm carbaryl medium surfaced 1946 times/day, 
swam 778 meter/day, consumed 24.6 mg dry food/g live 
fish/day and converted only 0.9 mg dry substance/g live 
fish/day, spending 22.2 mg dry substance/g live fish/day on 
metabolism. In other words, the fish reared in 2.5 ppm car- 
baryl medium spent more energy on metabolism than those 
reared in pesticide-free water. The extra amount of energy 
spent by the fish reared in the highest concentration of exper- 
imental medium might be the result of stress exerted by car- 
baryl on metabolism. Otherwise, it could have been chan- 
neled into fish growth. Thus, carbaryl appears to be a 
metabolic stressor on fish. 

Stress effects of carbaryl on the metabolic activity of M. 
vittatus [3] which did not show surfacing have been reported. 
Similar effects of Na-PCP on the metabolic activity of On- 
corhynchus nerka [16], Salmo gairdneri [5] and Puntius ticto 
[9] have also been studied. The excessive surfacing exhibited 
by the fish reared in 2.5 ppm carbaryl (1946 times/day vs 
1140 times/day for fish reared in pesticide-free medium) to 
procure more atmospheric O, to meet its metabolic demand 
may also drain considerable amounts of energy. Ponniah and 
Pandian [12] and Ponniah [13] have reported that M. cupanus 
which swam longer distances attributable to surfacing due to 
environmental stress, spent considerable energy on metabo- 
lism. It has also been reported that surfacing behaviour in 
air-breathing fishes like Channa striatus [15] and Heterop- 
neustes fossilis [1,2] draws considerable amounts of energy 
which otherwise could have been converted into fish flesh. 

Since the higher concentrations of carbaryl act as 
metabolic stressor, the conversion efficiency of the fish 
gradually fell (Fig. 1, upper panel). The regression line shows 
that the relationship between carbaryl concentrations (X) 
and conversion efficiency (Y) is one of inverse proportion 
(Fig. 2, upper panel). The regression equation was Log 
Y=0.7118 — 0.125 X, i.e. Y varies exponentially in inverse 
ratio to 0.125 X*, i.e. the conversion efficiency decreases 
rapidly as concentration increases (Fig. 1, upper panel). 
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FIG. 2. Relationship between carbaryl concentrations and surfacing 
frequency (lower panel) and conversion efficiency (upper panel) of 
M. cupanus. 
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BARBATO, G. F., P. B. SIEGEL AND J. A. CHERRY. Genetic analyses of gustation in the fowl. PHYSIOL. BEHAV. 
29(1) 29-33, 1982.—Preferences towards quinine sulfate (QS) and dextrose (DEX) were tested in purelines and reciprocal 
crosses of two lines of chickens that had undergone 22 generations of selection for high and low juvenile body weight. 
Parental line-F, comparisons provided evidence for non-additive genetic variation for hedonic sensitivity towards QS and 
DEX, though in opposite directions. Additive genetic variation appeared to influence the preference ratios for both stimuli 


at super-threshold concentrations. These results are discussed with regard to their evolutionary implications. 


Chickens Gustation Inheritance Preference 


EVIDENCE for the existence of acute taste discrimination 
in the fowl was reviewed by Kare and Rogers [12]. Chickens 
have approximately 400 taste buds in the palate and floor of 
the oral cavity [22], and the morphology is similar to that of 
primitive mammalian types [16], suggesting similarity in gus- 
tatory mechanisms. Yet, there is a lack of correspondence 
between human and avian sensory landscapes [5,13] indicat- 
ing that perceptual differences may vary according to ecolog- 
ical and evolutionary factors. Consistent with this hypoth- 
esis is the observation that Jungle Fowl have a greater sen- 
sitivity towards sucrose solutions and subsequent caloric in- 
take regulation than domestic chickens [10]. 

Genetic differences in hedonic thresholds have been in- 
vestigated in several laboratories. Both Kare [9] and Gentle 
[5] observed considerable variation among chickens in re- 
sponse to specific chemical stimuli and inferred that a ge- 
netic component existed for gustation. In addition, Kare [9] 
suggested that it may be feasible to breed for sensory dis- 
crimination. A relationship among sensation, perception and 
genetics was implied by Rozin and Kalat [21] who offered an 
evolutionary explanation of specific hungers and taste aver- 
sions. Two generations of divergent selection for saccharin 
preference in rats changed the preference ratio from 0.68 in 
the base population to 0.85 in the high line and 0.39 in the low 
line [17]. Heritability estimates for taste preference of 0.1 
percent saccharin and 0.3 percent sucrose solutions in mice 
were 0.52 and 0.32, respectively, with the genetic correlation 
between them being +0.93 [19]. 

The existence of populations inherently diverse with re- 
spect to body weight provides in vivo material for investigat- 
ing gustatory processes and their relationships to feed-intake 
control and growth. Accordingly, the experiments reported 
here were designed to investigate gustation among popula- 
tions of chickens known to be widely divergent in feed intake 
and growth rate. 





Dextrose 


Quinine sulfate 


METHOD 


Stocks 


Chicks from purelines and their F, reciprocal crosses 
were obtained from matings involving the S,. generation of 
two lines of chickens which had undergone divergent selec- 
tion for high (H) and low (L) juvenile body weight [25]. The 
sire line is denoted first and the dam line second for a particu- 
lar mating, e.g., an HL individual is the product of a sire 
from the high-weight line mated to a dam from the low- 
weight line. 

Eggs from all mating combinations were incubated con- 
currently, and upon hatching chicks were sexed and vacci- 
nated for Marek’s disease. Males from each mating were 
raised in unisexual flocks until maturity with feed and water 
provided ad lib. When 24 weeks of age, 15 males were 
selected at random from each mating combination and trans- 
ferred to individual cages for the duration of the testing pro- 
cedure. All birds were maintained in an environmentally 
controlled room with a photoperiod of 14-hr light followed by 
10-hr darkness at 22°C. 


Testing Procedure 


In all cases, individual males were provided with a choice 
situation that consisted of two waterers, each calibrated at 
five ml increments. None of the males had previous experi- 
ence with any of the test compounds, and except for the 
standard poultry feed were sensorially naive. The volume of 
solution consumed during a 15-min period was recorded 
from each waterer. A short testing period was used to 
minimize the post-ingestional effect of fluid intake. Prefer- 
ence ratios consisting of the volume of test solution divided 
by the volume of test solution plus water consumed were 
calculated, transformed to arc sine V preference, and sub- 
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jected to one-way analysis of variance for each concentra- 
tion of test solution. Comparisons among mating types were 
by Duncan’s multiple range test [8] and by the nonorthogonal 
linear contrasts shown in Table 1 [23,24]. Pureline effects 
were evaluated by contrast 1, reciprocal effects by contrast 
2, possible asymmetry by contrasts 3 and 4 and nonadditive 
genetic effects by contrast 5. 


Preliminary Experiments 


To determine if there were preferences to the position of 
the waterer, each bird was tested daily for five days using tap 
water and expressing the cumulative water consumption as a 
preference ratio for laterality to the bird’s right. An 18-hr 
deprivation period was used prior to testing to insure a drink- 
ing response. Although no significant laterality was ob- 
served, we randomized the positions of the waterers in each 
subsequent trial. 

The effects of the length of water deprivation on the taste 
response of these chickens were also examined by measuring 
the preference ratio of a 0.10 weight percent quinine sulfate 
solution to tap water after deprivation of 0, 4, 8, 18 and 24 hr. 
No drinking response was observed when the birds were not 
deprived of water prior to testing. Also, there were no signif- 
icant differences in preference ratios among deprivation 
periods; showing that, under our testing conditions, prefer- 
ence ratios were not influenced by length of deprivation. 
Although these results were not consistent with those ob- 
tained with rats [2] and chickens [6], the experimental situa- 
tions employed were quite different from those used here. 
Gentle [6] did not use a choice situation, and the two-hour 
test period used by Booth [2] may have caused a confound- 
ing of preference ratios with postingestional effects. 


Taste Preferences 


Previous studies on the taste reactivity of chickens to 
dextrose [11] and quinine [6,13] formed the basis for select- 
ing these compounds as test materials in studying the mode 
of inheritance of taste preferences. Each preference test was 
preceded by a water deprivation period of 18 hours, with the 
choice being either dextrose (DEX) or quinine sulfate (QS) 
solutions and tap water. Concentrations of DEX were 1.25, 
2.5, 5.0, 10.0 and 15.0 weight percent, and those for QS were 
0.025, 0.05, 0.10, 0.20 and 0.30 weight percent. Preference 
ratios were calculated for each concentration on the basis of 
cumulative volume of solution consumed during five 15-min 
test periods, with each test occurring on five consecutive 
days. An intermediate concentration of each stimulus was 
presented first and then the concentration was alternately 
increased and decreased until population differences were no 
longer observed. Although the same birds were used in the 
various trials, assignments were made randomly among in- 
dividuals prior to each preference determination. 


RESULTS 
Response to QS 


Mean preference ratios of the parental lines and the F, 
crosses to varying concentrations of QS are presented in 
Table 2 with the sensory landscape of these genetic combi- 
nations illustrated as a function of the preference index [14], 
which expands the scale of the preference ratio from (0, 1) to 
(—1, 1), in Fig. 1. No significant differences were found 
among genetic combinations at the highest and lowest con- 
centrations of QS. Within these parenthetical values, how- 
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TABLE | 


NONORTHOGONAL LINEAR CONTRASTS USED IN ANALYZING 
PREFERENCE RATIOS 





Code Contrast Genetical Context 





Pureline differences 
Reciprocity 

Asymmetry 

Asymmetry 
Non-additive gene action 


HH-LL 
HL-LH 
HH-(HL+LH) 
LL-(HL+LH) 
(HH+LL)(HL+LH) 





ever, a threshold pattern emerged with the response of the 
crosses at lower concentrations being similar to that of the 
LL parental line. Then, as the concentration of QS in- 
creased, the birds from the F, crosses exhibited a preference 
index intermediate to the parental lines. The linear contrasts 
(Table 2) support the thesis that the HH birds had signifi- 
cantly higher preference ratios than did the LL chickens at 
concentrations of 0.05, 0.10 and 0.20 percent QS (contrast 1). 
Reciprocal crosses responded similarly at each concentra- 
tion tested (contrast 2), suggesting that sex-linked and/or 
maternal effects were not important. Contrasts three and five 
were significant at 0.05 percent QS, suggesting that the pref- 
erence ratio of the F, crosses was dominant for an aversion 
response to QS which was similar to that noted for the LL 
males. At 0.10 percent QS, the preference ratios for the HL 
and LH mating combinations were intermediate to those for 
the LL and HH matings (contrasts 3 and 4). While a similar 
trend was observed at 0.20 percent QS, contrast 3 was not 
significant. 


Response to DEX 


Means and standard deviations of the preference ratios 
for each mating combination towards graded concentrations 
of dextrose are presented in Table 3 with the sensory land- 
scape shown in Fig. 1. No differences were observed at con- 
centrations of either 1.25 or 15.0 percent DEX. Within these 
brackets, the threshold for the LL line was reached at 2.5 
percent DEX, while the threshold for the other mating com- 
binations were noted at higher concentrations. At the 5.0 
percent concentration, the preference ratio for the HL and 
LH crosses was not significantly different from that of the 
LL chickens, while the mild preference for the solution 
(0.69+0.07) by HH males was still significantly lower than 
that of the other populations. This pattern among popula- 
tions was also evident at the 10.0 percent concentration of 
DEX. 

The nonorthogonal linear contrasts (Table 2) once again 
supported the sensory landscape illustrated in Fig. 1. At 
concentrations of 2.5, 5.0 and 10.0 percent DEX, the LL 
birds had greater preference ratios than those of the HH 
chickens (contrast 1) while there was no evidence of recip- 
rocal effects at any DEX concentration (contrast 2). The 
responses of crosses were intermediate to those of the paren- 
tal lines (contrasts 3, 4 and 5). Contrasts 3 and 4 indicate that 
the preference ratios of the crosses were greater than those 
of the HH males at DEX concentrations of 5.0 and 10.0 
percent and less than that for the LL birds when the concen- 
tration of DEX was 2.5 percent. 
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TABLE 2 


MEANS AND STANDARD DEVIATIONS OF PREFERENCE RATIOS BY MATING COMBINATION TOWARDS QUININE 
SULFATE (QS) SOLUTIONS AND A SUMMARY OF CONTRASTS USING SCHEFFE’S ANALYSES 





Quinine sulfate solution (wt %) 


0.05 


0.10 0.20 





Mating* 
HH 
HL 
LH 
LL 
Contrastst 
1 (Pureline) 
2 (Reciprocity) 
3 (Asymmetry) 
4 (Asymmetry) 


5 (Non-additivity) HH+LL 


0.09" 
0.13" 
+ 0.198 
0.18* 


+ 0.02° 

+ 0.14%¢ 
+ 0.072 
+ 0.02? 


HL+LH 
HH+LL 





Although analyses were performed on transformed values, for ease of the reader means and standard deviations are 


presented as nontransformed data. 


*Means within a column having the same superscript are not significantly different (p> =>0.05) by Duncan’s multiple range 


test. 


tIf, for a specific contrast, the contrast was significant, the group with the greatest average is listed (p<0.05). —Means 


the contrast was not significant. 


DISCUSSION 


While preference behavior is not in direct correspondence 
with sensory thresholds, behavioral responses may be re- 
garded as an upper limit of perceptual thresholds. Neural 
sensitivity may be considered as a subset of behavioral gus- 
tation and as such, hedonic thresholds directly depend upon 
such sensitivities. The results presented in this paper suggest 
heritable components that are involved with gustation of the 
fowl. Hedonic thresholds to both quinine sulfate (QS; Table 
2) and dextrose (DEX; Table 3) were lower in the LL than in 
the HH line, with the thresholds for the F, reciprocal crosses 
of these lines being dependent upon the type of solute. Par- 
ental line-F, comparisons provide evidence for nonadditive 
genetic variation for hedonic sensitivity towards QS and 
DEX, although they are in opposite directions. The signifi- 
cance of contrast 5 (Tables 2 and 3) at intermediate concen- 
trations of QS and DEX suggests that the behavioral 
thresholds for QS sensitivity is in the direction of the LL 
parental line, while that for DEX is in the direction of the HH 
parental line. That genetic systems for gustatory responses 
towards bitter and sweet solutions are not one and the same 
is consistent with observations made with the mouse by 
Frank [3]. She observed that nerve fibers in the rat’s chorda 
tympani sensitive to glucose were also sensitive to a variety 
of sweet substances. Similarly, those which were sensitive to 
quinine had a greater sensitivity to bitter substances. Fur- 
thermore, a slightly negative correlation was obtained be- 
tween the two gustatory abilities, indicating that the underly- 
ing sensory mechanisms were different or only partially re- 
lated. 

In addition, additive genetic effects appeared to be re- 
sponsible for the intermediate preferences ratios of the F, 
crosses at superthreshold concentrations of both QS and 
DEX (Fig. 1). This is supported by the lack of significance 
for contrast 5 at 0.10 percent QS and 5.0 and 10.0 percent 
DEX, as the means of the F, reciprocal crosses were not 
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FIG. 1. Sensory landscapes of the pureline mating types and the 
average of the reciprocally crossed mating types presented as a 
function of the preference index. 


significantly different from their midparent averages. Addi- 
tive genetic variation for gustation has been suggested or 
observed by several authors (reviewed in [4}). 

An ability to behaviorally discriminate among flavors is 
important in determining the effectiveness of organisms to 
distinguish among nutritive, non-nutritive and toxic food 
sources [20]. This has obvious adaptive value during the de- 
velopment of an organism [21], and is probably an integral 
part of the evolutionary history of the fowl. If we assume 
that there is a continuous distribution of genetic variation 
underlying the gustatory response, then the expression of a 
preference on a phenotypic level would depend upon sur- 
passing a threshold on the genetic level. Natural selection 
would be directional only after the threshold is reached and 
prior to saturation on a physiological level. This would tend 
to increase the nonadditive genetic variance for threshold 
sensitivity while maintaining additive variation for super- 
threshold stimuli. 





BARBATO, SIEGEL AND CHERRY 


TABLE 3 


MEANS AND STANDARD DEVIATIONS OF PREFERENCE RATIOS BY MATING COMBINATIONS TOWARDS DEXTROSE 
SOLUTIONS AND A SUMMARY OF CONTRASTS USING SCHEFFE’S ANALYSES 





Dextrose solution (wt %) 





Mating* 
HH tS ie 0.50 + 0.08 
HL + 0.53 + 0.06 
LH + 0.48 + 0.10? 


LL be 0.73 + 0.05” 


Contrasts* 
1 (Pureline) 
2 (Reciprocity) 
3 (Asymmetry) 
4 (Asymmetry) 
5 (Non-additivity) 


HH+LL 





Although analyses were performed on transformed values, for ease of the reader means and standard deviations are 


presented as nontransformed data. 


*Means within a column having the same superscript are not significantly different (p >0.05) by Duncan’s multiple 


range test. 


tIf, for a specific contrast, the contrast was significant, the group with the greatest average is listed (p<0.05). 


—Means the contrast was not significant. 


While the relationship between genetic effects on gusta- 
tion and obesity in the fowl are not clear, those between feed 
consumption and obesity are well documented. Feed intake 


is a correlated response of selection for body weight [15, 18, 
26]. The feed-intake behavior of the parental populations 
used here differ markedly in their cumulative intake, feeding 
activity and frequency of meal eating [1]. In this case, selec- 
tion for high body weight also appears to be accompanied by 
a relative lack of response towards certain flavors, while 
selection in the opposite direction has been associated with 
hyperresponsiveness to the same flavors. This is comparable 
to the situation observed with obese humans, who express 
an indifference or distaste for sweet solutions [7]. 


The sense of taste is associated with the systemic control 
of feed intake and modifications of the sensation or percep- 
tion of taste may be associated with quantitative changes in 
feed intake and subsequent growth. The specific mech- 
anisms by which selection for body weight has affected feed 
intake are not known, however, it appears that genetic 
changes in gustation have occurred, which may be related to 
the adaptive-evolutionary history of the fowl. 


ACKNOWLEDGEMENT 


This study was supported, in part, by a grant from the John Lee 
Pratt Animal Nutrition Program. 


REFERENCES 


. Barbato, G. F., J. A. Cherry, P. B. Siegel and H. P. Van Krey. 
Quantitative analysis of the feeding behavior of four populations 
of chickens. Physiol. Behav. 25: 885-891, 1980. 

. Booth, D. A. Taste reactivity in starved, ready to eat and re- 
cently fed rats. Physiol. Behav. 8: 901-908, 1972. 

. Frank, M. Response patterns of rat glossopharyngeal taste 
neurons. In: Olfaction and Taste, edited by D. A. Denton and J. 
P. Coghlan. New York: Academic Press, 1975. 

. Fuller, J. L. and W. R. Thompson. Foundations of Behavior 
Genetics. St. Louis: C, V. Mosby, 1978. , 

. Gentle, M. J. Taste preferences in the chicken (Gallus domes- 
ticus L.). Br. Poult. Sci. 13: 141-155, 1972. 

. Gentle, M. J. Quinine hydrochloride acceptability after water 
deprivation in Gallus domesticus. Chem. Senses Flav. 2: 121- 
128, 1976. 

. Grinker, J. A., J. M. Price and M. R. C. Greenwood. Studies of 
taste in childhood obesity. In: Hunger: Basic Mechanisms and 
Clinical Implications, edited by D. Novin, W. Wyrwicka and G. 
Bray. New York: Raven Press, 1976. 

. Harter, H. L. Critical values for Duncan’s new multiple range 
test. Biometrics 16: 671-685, 1969. 

. Kare, M. R. Physiological and Behavioral Aspects of Taste. 
Chicago: University of Chicago Press, 1961. 


10. Kare, M. R. and O. Maller. Taste and food intake in domesti- 
cated and jungle fowl. J. Nutr. 92: 191-196, 1967. 

11. Kare, M. R. and W. Medway. Discrimination between carbo- 
hydrates by the fowl. Poult. Sci. 38: 1119-1127, 1959. 

12. Kare, M. R. and J. G. Rogers. Sense Organs. In: Avian Physiol- 
ogy, edited by P. D. Sturkie. New York: Springer-Verlag, 1976. 

. Kare, M. R., R. Black and E. G. Allison. The sense of taste in 
the fowl. Poult. Sci. 36: 129-138, 1957. 

. Klein, T. W. and J. C. DeFries. Taste sensitivity in infrahuman 
species: Use of a genetic model to test the validity of alternative 
measures. Behav. Res. Meth. Instr. 2: 106-107, 1970. 

. Lepore, P. D. Appetite and growth rate selection with a 
methionine deficient diet. Poult. Sci. 44: 1093-1097, 1965. 

. Lindenmaier, P. and M. R. Kare. The taste end organs of the 
chicken. Poult. Sci. 38: 545-550, 1959. 

. Nachman, M. The inheritance of saccharin preference. J. comp. 
physiol. Psychol. 52: 454-457, 1959. 

. Pym, R. A. E. and P. J. Nicholls. Selection for feed efficiency of 
broiler production. 1. Direct-correlated responses to selection 
for body weight gain, food consumption and feed utilization 
efficiency. Br. Poult. Sci. 20: 73-86, 1979. 





GENETIC ANALYSES OF GUSTATION IN THE FOWL 


19. Ramirez, I. and J. L. Fuller. Genetic influences on water and 


sweetened water consumption in mice. Physiol. Behav. 16: 
163-168, 1976. 

. Rozin, P. The selection of foods by rats, humans and other 
animals. Adv. Study Behav. 6: 21-76, 1976. 

. Rozin, P. and J. W. Kalat. Specific hungers and poison 
avoidance as adaptive specializations of learning. Psychol. Rev. 
78: 459-486, 1971. 

. Saito, I. Comparative anatomical studies on the oral organs of 
the poultry: Structures and distribution of taste buds of the fowl. 
Bull. Fac. Agric. Univ. Miyazaki 13: 95-102, 1966. 


. Scheffe, H. Analysis of Variance. New York: John Wiley and 


Sons, 1959. 


. Scheffe, H. Multiple testing versus multiple estimation. Im- 


proper confidence sets. Estimation of directions and ratios. 
Ann. math. Statist. 41: 1-29, 1970. 


. Siegel, P. B. Response to twenty generations of selection for 


body weight in chickens. Proc. /6th Wid Poult. Cong. 10: 
1761-1772, 1978. 


. Siegel, P. B. and E. L. Wisman. Selection for body weight at 


eight weeks of age. 6. Changes in appetite and feed utilization. 
Poult. Sci. 45: 1391-1397, 1966. 








Physiology & Behavior, Vol. 29, pp. 35-40. Pergamon Press, 1982. Printed in the U.S.A. 


Feeding Pattern and Light-Dark Variations 
in Water Intake and Renal Excretion After 
Suprachiasmatic Nuclei Lesions in Rats 


ALEXANDER G. STOYNEV, OGNIAN C. IKONOMOV 


Department of Physiology, Medico-Biological Institute 
Medical Academy, I “‘G. Sofiiski,’’ Sofia 1431, Bulgaria 


AND 
KAMEN G. USUNOFF 


Department of Anatomy, Histology and Embryology, Medico-Biological Institute, Medical Academy 
1] ‘“‘G. Sofiiski,’’ Sofia 1431, Bulgaria 


Received 25 August 1981 


STOYNEV, A. G., O. C. IKONOMOV AND K. G. USUNOFF. Feeding pattern and light-dark variations in water intake and 
renal excretion after suprachiasmatic nuclei lesions in rats. PHYSIOL. BEHAV. 29(1) 35-40, 1982.—Bilateral destruc- 
tion of the suprachiasmatic nuclei (SCN) eliminated light-dark (L/D) variations in water intake and urine output in albino 
rats. The lesions abolished also the circadian rhythm of food intake, without changing significantly the 24 hour number of 
meals, total meal duration and 24 hour food intake. Only the L/D distribution of the number of meals was changed from 
5.6/16.9 in control period to 12.7/12.9 after lesions. In contrast, the L/D distribution of sodium, potassium and chlorides 
excretions demonstrated attenuated but persistent nocturnal type. These data imply that SCN play a role of driving 
oscillator for the circadian rhythm of food intake, but probably are not the main synchronizer for the rhythms of electrolyte 


excretions. 


Circadian rhythm Suprachiasmatic nuclei 
Urine and electrolyte excretion Rat 


Feeding pattern 





THE destruction of suprachiasmatic nuclei (SCN) abolishes 
the circadian rhythms of many functions in the rat [16,20]. It 
was assumed that SCN play either a role of self sustaining 
driving oscillator responsible for circadian rhythms [16], or a 
role of central synchronizer for a number of driving oscil- 
lators in the multicellular organism [20]. 

Bilateral SCN lesions eliminate the circadian rhythms of 
food [18,28] and water intake [18, 21, 23, 28]. The same 
effects were reported after transection of the efferent con- 
nections of the nuclei [19, 21, 28]. Elimination of the diurnal 
variations in water intake was observed 24 hours after the 
lesions and used as a functional criterion of the complete 
destruction of SCN [22]. In contradiction with the above 
mentioned data it was reported recently that nocturnal feed- 
ing habits in the rat persisted after total destruction of SCN 
{1}. 

However, it is not known whether the elimination of the 
circadian rhythm of food consumption is due either to 
changes in distribution of normal meals during light/dark 
(L/D) cycle or in characteristics of normal feeding pattern, as 
well as both. 

The aim of the present study is to examine simultaneously 
the feeding pattern and L/D distribution of water intake, 


Water intake 


urine output and electrolyte excretion after bilateral de- 
struction of SCN. 


METHOD 


Animals and Laboratory Conditions 


Thirty-two male albino rats of the Wistar strain with aver- 
age body weight 279+8 g before operation were used. The 
rats were housed in individual metabolism cages in a sepa- 
rate room under constant conditions: temperature, 23+ 1°C; 
humidity, 60+ 10% and 12/12 hr L/D regimen with illumina- 
tion of about 200 lux at the front of the cages. Lights were on 
at 8 a.m. Tap water and standard food (96 mmol Na*/kg and 
315 mmol K*/kg) were provided ad lib. The rats were 
weighed and transferred daily in clean cages for correct 
analysis of the spontaneously discharged urine. Before the 
experiment, the rats were allowed two weeks of habituation 
to the laboratory conditions. 


Surgical Procedure 


Lesions of the SCN were made electrolytically under 
Nembutal anesthesia (50 mg/kg IP) using a lateral angle (5°) 
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to avoid the damage of the sinus, with stereotaxic coordi- 
nates from the rat stereotaxic atlas [5]: AP=7.4, L=0.2, and 
H= —2.3 mm. The nichrome electrodes with diameter 0.15 
mm insulated except for 0.4 mm from the tip were used. The 
destruction was obtained by applying an anodal DC current 
of 2 mA for 20 sec. Two weeks recovery period was given to 
each rat after the operation. 


Registration of Feeding Pattern 


The metabolism cage and registration device were de- 
scribed in details elsewhere [25]. Briefly, food intake was 
registered continuously using a relay system which com- 
bined and improved on the possibilities of similar devices 
reported earlier [6,17]. When the animal eats the electrical 
circuit between the metal grid floor and the metal grid of the 
food cup closes. The holding delay of the relay was set at 5 
sec to prevent the registration of accidental contacts with 
shorter duration. A recording voltmeter was used for regis- 
tration with a paper speed of 12 cm-hr. The traces of the 
records were analysed by hand. For the purposes of 
analysis, a meal was defined as feeding activity with minimal 
duration of 3 min flanked by at least 3 min of no feeding, 
since the analysis of the records by 40 min [14] or 20 min [9] 
criterion was not successful after SCN lesions in agreement 
with data for some lesioned preparations [10]. Our records 
did not allow a quantitative estimate of the size of each meal, 
and so only mean values for light and dark phase were com- 
puted from the knowledge of the number and duration of 
meals and amount of food ingested during light or dark 
phases. The amount of food consumed was measured 
gravimetrically at the beginning and at the end of the investi- 
gated interval within accuracy of 0.1 g. The following pa- 
rameters of feeding pattern were studied: number of meals, 
meal duration, average meal size, feeding rate and total meal 
duration as for nycthemeron as well for L or D period. 


Water Intake and Urine Output 


The volume of water ingested was measured volumetri- 
cally using graduated drinking tubes separately for L and D 
phases within accuracy of 0.1 ml. Spontaneously discharged 
urine was collected in graduated tubes during light and dark 
periods and volume, osmolality (Advanced osmometer), Na* 
and K* (flame photometer Flapho-4), and Cl (CMT 10 
chloride titrator Radiometer) concentrations were measured. 


Histology 


The examination of the circadian rhythms of plasma renin 
activity and immunoreactive insulin level made the perfusion 
fixation impossible. Therefore, the animals were sacrificed 
by decapitation [24]. Immediately following the decapitation 
the soft tissues of the head and the calvaria were removed 
and brain, attached to the basis cranii interna, was immersed 
in chilled (4°C) neutral Formalin overnight. On the following 
day the remainder of the skull and the meninges were care- 
fully removed and the brain was postfixed in neutral For- 
malin for several weeks. The brains were blocked in a 
slightly oblique coronal plane [11]. Serial 40 um thick sec- 
tions were cut on a freezing microtome from prechiasmatic 
level (approx. A 7500) to a premamillary level (approx. A 
3500). The sections were mounted on gelatinized slides and 
stained with cresyl-echtviolett. 
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Experimental Periods 


Food and water intake and renal excretion were studied 
3-7 days before the lesions (PREOP) and during approx- 
imately the same period after two weeks recovery 
(POSTOP). Feeding patterns of 12 rats was recorded during 
2-5 days before as well as two weeks after the operation. 


Statistics 

PREOP and POSTOP data were compared by ANOVA 
and Student’s t-test. Food intake was calculated for 4 hour 
intervals from the records and processed statistically using 
method and program for automated analysis when experi- 
mental data are collected at intervals [29]. 


RESULTS 


Nine rats died 5-10 days after the operation, 5 rats were 
eliminated because of hypo- or aphagia. Another 5 rats were 
discarded at the end of the recovery period because of per- 
sistent nocturnal drinking. Thus, 13 rats were selected on the 
basis of approximately equal L/D water consumption—a cri- 
terion used as a functional test of complete SCN lesions [22]. 
Body weight of these 13 rats decreased significantly after the 
operation, but two weeks later was near to control level— 
271+8 g (p>0.10). The appearence and behavior of the rats 
in contact with the experimenter were normal. These 13 rats 
formed our experimental group. 


Histologic Analysis 


The histological examination revealed that with exception 
of one out of 13 cases (rat 213) the stereotaxic lesions de- 
stroyed totally or subtotally the SCN. In most cases the two 
drop-shaped coagulation foci fused in a single lesion, 
measuring 700-1000 um (a typical case is illustrated in Fig. 
1). The successful coagulation of the SCN was always asso- 
ciated with relatively small concomitant injuries of adjacent 
structures. Especially, the ventral part of periventricular 
nucleus and the medial preoptic area were inavoidably in- 
jured in all examinated cases. Eight of the cases revealed a 
concomitant injury of the optic chiasm. Fortunately, in these 
cases the transection was never complete: most often the 
lesions encroached upon the dorsocaudal chiasmatic axons. 
In 3 cases the bulk of the lesion was centered slightly caud- 
ally, the dorsal border of the coagulation focus encroaching 
upon the arcuate nucleus and the rostromedial poles of the 
ventromedial hypothalamic nuclei. In one of the last men- 
tioned cases the ventromedial nucleus was significantly in- 
jured unilaterally, and the lesion destroyed also the rostral 
half of the median eminence. In these 3 cases SCN was 
injured incompletely: its rostral portions remained unaf- 
fected. In one rat (213) the both coagulation foci were placed 
rostrodorsally to designated target and the coagulation foci 
closely neighboured the rostral pole of the SCN. 


Feeding Pattern 


The registration of the feeding pattern was started initially 
in 12 animals. Seven of these rats were discarded because of 
unsuccessful SCN lesions, using the functional and histolog- 
ical verification, as mentioned above. Finally, 5 out of the 12 
rats with successful lesions possessed records of the feeding 
pattern. Number of meals during PREOP was 22.5 with total 
meal duration of 144.5 min. During D period 16.9 meals 
(75%) took place with 112.9 min duration (78%). There was 
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A~6.300 


A~6.100 


A=5,.800 


FIG. 1. Schematic drawing of the reconstructed lesion in rat 201. The plane of the section and the stereotaxic parameters are adjusted to the 
atlas of K6nig and Klippel [11]. To the left—the lesion near its rostral pole; the greatest extent of the lesion is represented in the center; to the 


right—the lesion’s caudal pole. Abbreviations: Am - corpus amygdaloideum; am - nucl. anteromedialis thalami; av - 


nucl. anteroventralis 


thalami; C.i - capsula interna; f - columna fornicis; fmp - fasciculus medialis prosencephali; ha - hypothalamus anterior; Pal - globus pallidus; 
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Pt - nucl. parataenialis thalami; re - nucl. reuniens thalami; sm - stria medullaris; St - striatum (caudate-putamen); st - stria terminalis; 2 - 


chiasma opticum. 


TABLE | 
CHARACTERISTICS OF FEEDING PATTERN OF 5 RATS IN CONTROL PERIOD AND AFTER SCN LESIONS 





PREOP 


Parameters Light Dark 


POSTOP 


24 hr Light Dark 





6.62 
+0.59 
16.9 
+3.9 
Total meal duration 112.9 
min + 10.6 
Single meal duration $. 6.9 
min +1.6 
Average meal size 0.43 
g/meal/100 g body weight +0.10 
Feeding rate 0.061 
g/min/100 g body weight 


Food intake 1.78* 
g/100 g body weight 


Number of meals 


+0.08 
0.058 
+0.013 


+0.003 


4.724 
+0.98 
12.7+ 


+3.3 


5.17* 
+1.10 
12.9 25.6 
+3.9 +7.0 
144.5 71.27 76.27 147.4 
+8.7 +19.9 + 16.6 +34.7 
6.3 5.6 6.0 5.8 
+1.0 + 1.6 +1.6 +1.6 
0.38 0.39 0.44 0.41 
+0.05 +0.10 +0.19 +0.13 
0.060 0.068 0.068 0.068 
+0.007 +0.011 +0.011 +0.009 


8.40 
+0.58 
ye 


+3.9 





*p<0.05 in comparison with corresponding data for D phase. 


*p<0.05 in comparison with respective PREOP data. 


All data are presented as Mean + Standard Deviation. 


no POSTOP change in 24 hour number of meals and total 
meal duration, p>0.10 for both cases (Table 1). The L/D 
distribution was changed markedly: 12.9 meals (50%) with 
76.2 min duration (52%) were performed during D phase. 
There was no changes also in single meal duration and feed- 
ing rate after SCN lesions in comparison with PREOP data, 
p>0.10 for both cases. 


Food and Water Intake 


In the final statistical analysis PREOP and POSTOP data 
from 12 rats were compared, with only the data from rat 213 
discarded on the basis of histologic analysis. During PREOP 


rats ingested 8.52+0.65 g food/100 g body weight and 
11.67+1.13 ml water/100 g body weight for 24 hr (Mean+ 
Standard Deviation), Fig. 2. Nocturnal eating and drinking 
habits were markedly demonstrated: 79% of the daily food and 
85% of the daily water were ingested during D phase of the L/D 
cycle. During POSTOP rats ate and drunk practically the 
same amount of food (9.01+1.92 vs PREOP, F(1,23)=0.69, 
p>0.05) and water (12.82+4.17 vs PREOP, F(1,23)=0.85, 
p>0.05), but the L/D differences were eliminated: 53% of 
daily food and water were ingested during D phase. Statisti- 
cal analysis of food intake studied at 4 hour intervals clearly 
revealed the elimination of the circadian variations in food 
intake after SCN lesions (Fig. 3). 
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FIG. 2. Food intake, water intake and urine output of 12 rats during 
L phase, D phase and 24 hr in preoperative period (PREOP) and two 
weeks after SCN lesions (SCN). Data are presented as Mean+ Stan- 
dard Error. *=statisitically significant difference between PREOP 
and SCN, p<0.05 or less. Differences between the values for L and 
D are given in the text. 


Water and Electrolyte Excretion 


The PREOP 24 hour urine output, Na*, K* and Cl- 
excretions were respectively 3.91+0.77 ml/100 g body weight 
(Fig. 3), 633+117 wmol/100 g body weight, 2332+357 uzmol/100 
g body weight and 663+77 uwmol/100 g body weight (Fig. 4), 
M+SD. A typical nocturnal predominence was demonstrated: 
68% of the urine, 64% of the sodium, 70% of the potassium and 
63% of the chlorides were excreted during D phase. The osmo- 
tic pressure of the urine collected during L phase was 2056+ 337 
mOsm/kg and during D; 2140+297 mOsm/kg, M+SD, L vs D; 
F(1,23)=0.42, p>0.05. The POSTOP 24 hour urine volume was 
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FIG. 3. Parameters of the circadian rhythm of food intake in control 
period for the experimental group (PREOP gr) and population 
(PREOP p), and after SCN lesions (POSTOP gr). The circles denote 
confidence limits (p<0.05) for the amplitude variations in the circa- 
dian rhythm of food intake. Mean amplitude is the vector from the 
centre of the clock to the centre of the circle or ellipse. On the 
periphery of the clock are the hours of the day. ¢,, is formed by the 
tangents to the PREOP gr circle and denotes the phase changes for 
the group. ¢, presents the phase changes for the population. It is 
impossible to construct the group phase angle and the ellipse for the 
population amplitude variations after SCN lesions because the 
POSTOP gr circle includes the centre of the clock. That is due to a 
lack of significant circadian variations after SCN lesions. 


not significantly different from PREOP data, F(1,23)=3.77, 
p>0.05. There was no change also in 24 hour sodium excretion, 
F(1,23)=0.28, p>0.05, while 24 hour potassium, 
F(1,23)=6.45, and chlorides excretions, F(1,23)=4.88, were 
significantly greater than respective PREOP data, p<0.05 for 
both cases. POSTOP L/D variations in urine output were 
eliminated, F(1,23)=1.04, p>0.05, but the investigated elec- 
trolyte excretions demonstrated persistent nocturnal type: 
during D phase were excreted 57% of the 24 hour sodium, L 
vs D; F(1,23)=10.52, p<0.05, 56% of the daily potassium, 
F(1,23)=6.19, p<0.05, and 57% of 24 hour chlorides, 
F(1,23)=16.02, p<0.05. The osmalality after SCN lesions 
during L phase was 2233+445 and during D; 2326+445 
mOsm/kg, L vs D; F(1,23)=0.26, p>0.05, PREOP L vs 
POSTOP L; F(1,23)=1.20, p>0.05, PREOP D vs POSTOP 
D; F(1,23)=1.43, p>0.05. 


DISCUSSION 


Comparable and reliable data were obtained in 12 out of 
the examined animals, despite the subtotal destruction in 3 
rats. However, in these cases the slightly caudal displace- 
ment of the lesions successfully deefferented the SCN: most 
of its efferent axons course in caudal direction (for detailed 
description and further references see [2, 26, 27]). 
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FIG. 4. Sodium, potassium and chlorides excretion of 12 rats during 
L phase, D phase and 24 hr in preoperative period (PREOP) and two 
weeks after SCN lesions (SCN). Data are presented as Mean+ Stand- 
ard Error. *=statistically significant difference between PREOP 
and SCN, p<0.05 or less. Differences between the values for L and 
D are given in the text. 


The PREOP 24 hour food and water intakes and water 
and electrolyte excretions as well as their diurnal variations 
were similar to reported earlier [3, 4, 12, 13, 14, 30]. In spite 
of the differences in number of meals and meal size due to 3 
min criterion used in our analysis of the records, the PREOP 
feeding rate was in good agreement with already published 


data [15]. This is due to the similar values for 24 hour food 
intake per 100 g body weight and for total meal duration. 

The main finding in our study was that SCN lesions did 
not change the 24 hour number of meals and total meal dura- 
tion in comparison with PREOP data of the same rats. The 
only observed change was the elimination of the circadian 
variations. Therefore, this change was due solely to the 
elimination of normal rhythmicity, but not to disturbances in 
the regulation and motor skillfulness of eating behavior. The 
abolishment of the circadian rhythm of food intake was 
strongly supported by the statistical analysis of food con- 
sumption at 4 hour intervals. These data are in agreement 
with the hypothesis for SCN as a driving oscillator for the 
circadian rhythm of feeding behavior and are similar to the 
reported data about the role of SCN in the regulation of 
sleep-wakefulness cycle [7]. 

Bilateral destruction of SCN definitively eliminated L/D 
differences in food and water intake. These data are in good 
agreement with already reported [18,28] and contradict the 
lack of effect of SCN lesions on the diurnal rhythm of food 
intake [1]. In the latter report the conclusion is based on the 
data for one L/D cycle from 6 rats. The opposite effect is 
supported by significantly extensive studies—S5 rats for 2 
days [18], 8 rats for 14 days [28] and 12 rats for 3-7 days 
(present report). The POSTOP 24 hour food and water intake 
in our experiment were not statistically different from the 
PREOP data. These results are not in agreement with the 
reported hypophagia and hypodipsia [23,28]. Probably, the 
selection of rats performed in our experiment is responsible 
for this discrepancy. 

There are no data in the available literature about the 
simultaneous investigation of food and water intake and 
renal excretion after SCN lesions. SCN destruction elimi- 
nated L/D differences in urine output and attenuated L/D 
variations in Na*, K* and Cl- excretions, but the nocturnal 
type of electrolyte excretion still persisted two weeks after 
the operation. These results are in contradiction with the 
hypothesis that in the rat the rhythmicity of food intake has a 
leading role in the generation of rhythmicity in electrolyte 
excretion [4], because, after the SCN lesions, the elimination 
of the circadian rhythm of feeding was accompanied by 
maintained rhythm of electrolyte excretion. This indepen- 
dence of the circadian rhythms of electrolyte excretions from 
the diurnal variations in electrolyte ingestion confirmed our 
previous observations: after 14 days restricted food access 
from 10 a.m. to 4 p.m. under the same lighting conditions, 
the excretions of Na* and Cl- did not change their predomi- 
nantly nocturnal type [8]. The persistent significant L/D 
differences in electrolyte excretions after SCN lesions 
showed that the synchronization of the circadian rhythms 
with L/D cycle probably is not realized via SCN. The 24 hour 
K* and Cl excretions increased significantly after the le- 
sions. Unfortunately, the present data are insufficient to give 
an explanation of this finding. Probably, the unsignificant 
increase of the 24 hour food intake, water intake and urine 
volume, and the selective increase of urine output during 
POSTOP L phase were responsible for the established in- 
crease of the K* and Cl excretions both for L phase and for 
the 24 hour period. 
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DOBRAKOVOVA, M., R. KVETNANSKY, T. TORDA AND K. MURGAS. Changes of plasma and adrenal catechol- 
amines and corticosterone in stressed rats with septal lesions. PHYSIOL. BEHAV. 29(1) 41-45, 1982.—The effect of 
septal lesions on plasma catecholamine and corticosterone (B) levels has been studied in rats during single and 7 times 
repeated immobilization stress (IMO). Blood samples were obtained via a catheter in the tail artery or by decapitation. The 
increased circulating epinephrine (EPI) and norepinephrine (NE) levels observed in the initial phase of acute stress as well 
as the elevated baseline EPI level after six times repeated IMO are indicative of an enhanced response of the sympathetic 
adrenomedullary system after lesions of the septum. After decapitation of rats with septal lesions there was a significant 
increase in plasma NE one day after the sixth IMO and a block of EPI increase after the seventh IMO compared to 
sham-operated rats. The adrenocortical system was similarly found to be activated after septal lesions, exhibiting increased 
baseline plasma B levels. It has been suggested that the septal region affects the studied systems by exerting an inhibitory 
tonus. The removal of this inhibitory system results in an increase of adrenocortical and sympathetic-adrenomedullary 


activities. 
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THE role of the septal complex, a part of the limbic system, 
has been intensively investigated from various points of 
view. Mostly behavioral changes following septal lesions, 
characterized by overresponsiveness to environmental 
stimuli, have been studied. 

Along with these behavioral changes, some endocrine dis- 
turbances have been observed. Rats lesioned in the septal 
area show elevated normal resting levels of corticosterone 
(B) [20,29], adrenal hypertrophy [17,23], enhanced adrenal 
response to stress stimuli [3, 18, 26, 27]. On the other hand, 
normal baseline levels of plasma B were found in septal rats 
[25,26], and in one work even inhibition of stress-induced 
adrenocortical reaction was reported following lesion of the 
septum [6]. The resting levels of growth hormone and 
prolactin in septal rats did not differ from sham-lesioned rats, 
except for the very early stage (3 days) after surgery. In 
response to stressors, septal rats showed an enhanced 
growth hormone and prolactin reaction [26]. 

We are not aware of any presently available studies on the 
effect of septal lesions upon plasma epinephrine (EPI) and 
norepinephrine (NE) levels. Acute stress is known to induce 
immediate release of catecholamines into the circulation. 
Repeated immobilization stress of animals results in in- 





creased synthesis [11,12] and decreased degradation of cate- 
cholamines [8]. Modifications of adrenocortical secretion by 
various stressors have been well documented [15,28]. 

Since both behavioral and humoral changes caused by 
septal lesions are of a transient nature [14,26], in the present 
work we studied the effect of septal lesions on the sympa- 
thetic adrenomedullary and adrenocortical reaction, deter- 
mined by plasma catecholamines and B levels during acute 
and repeated stress, within the first two weeks of the ‘‘septal 
syndrome”’ development. 


METHOD 


Male Wistar rats, SPF (Velaz, Prague), 250-300 g were 
used. The rats were housed in wire-mesh cages, 6 animals 
per cage. Two weeks elapsed between the transport of the 
animals and the beginning of experimental procedures. After 
lesioning 4 animals were in each cage. The lighting schedule 
was maintained at periods of 12 hr light/12 hr dark (the latter 
from 6 p.m. to 6 a.m.). 

All surgical procedures were carried out under pentobar- 
bital anesthesia. Bilateral lesions were produced by passing 
2.0 mA anodal direct current for 15 sec through a stainless 
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steel electrode (insect pin No. 1), completely insulated ex- 
cept for 0.5 mm at the tip, which was stereotaxically posi- 
tioned according to coordinates given in the atlas of Fifkova 
and MarSala [4], 0.5 mm anterior to the bregma, 0.5 mm 
lateral to the midline, 5.0 mm below the surface of the cor- 
tex. Sham-operated animals sustained only a burr in the 
skull. The brains of the lesioned animals were removed and 
stored in 10% Formalin. After the brains were hardened, 
they were frozen and sectioned into 60 um thick frontal 
slices. The sections were examined visually and photographs 
were made for documentation. 

To obtain blood samples, a permanent polyethylene can- 
nula was inserted into the tail artery and exited at the scruff 
of the neck, as described previously [1]. The catheterized 
rats were housed individually in cages, the catheters kept 
open by flushing with heparin-treated saline. One day after 
catheterization control blood samples (0.5 ml) were collected 
from undisturbed animals in their home cages. After collec- 
tion of these blood samples, the rats were forcibly im- 
mobilized (IMO) by taping all four limbs to metal mounts 
attached to a board [9]. Blood (0.5 ml) was collected via a 
catheter at the Sth, 20th, 60th and 120th min after initiation of 
IMO and the volume was replaced by 0.5 ml of saline. All 
experiments were carried out at the same time between 9-12 
a.m. Samples from septal and sham-operated animals were 
taken simultaneously. Blood samples were collected in iced 
heparin-treated tubes and centrifuged at 3000 g at 4°C for 15 
min and aliquots of plasma were removed for determination 
of B (50 pl) [19] and catecholamines (200 yl) [21]. 

In the case of 7 times repeated IMO the catheterization of 
the animals was done immediately, after the sixth IMO one 
day before the seventh and last IMO procedure. Forced IMO 
was used as a model of stress. Exposure to stress started in 
lesioned and sham-operated rats on the fifth day after 
surgery. 

Along with rats which were catheterized, we had groups 
of animals, stressed in the same way, which were decapi- 
tated to obtain blood. Immobilized rats were decapitated 
immediately after the IMO still on the board. Control groups 
of animals were killed quickly by decapitation in the animal 
room, after having been divided into cages per 3 animals a 
week previously. 

All results are the mean values +SEM for the indicated 
number of animals and the statistical significance was calcu- 
lated by the unpaired Student f-test, and by the Wilcoxon 
matched-pairs signed-ranks test. To compare the total 
amount of catecholamines available during IMO stress in 
septal and sham-operated animals, we integrated the plasma 
catecholamine amounts in each rat at each time interval. 
From these values we calculated the mean values +SEM for 
each group. The unpaired f-test was used to compare the 
groups of septal and sham-operated animals. 


RESULTS 


Acceptable lesions placed in the septal area of subjects 
were large and bilateral and destroyed from 75% up to the 
whole medial and lateral nuclei of the septum (Fig. 1). In 
some cases the dorsal part of the nucleus of the diagonal 
band, the precommissural fornix, the dorsal part of the nu- 
cleus accumbens, the interstitial nucleus of the stria termi- 
nalis, and the medial and lateral walls of the lateral ventricles 
were damaged. Subjects that exhibited extensive damage in 
extra-septal areas were rejected. 
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FIG. 1. Photomicrographs of typical brain lesions. 


Plasma Catecholamines in Blood Collected by Catheter 


The circulating EPI and NE levels in plasma were deter- 
mined in rats with septal lesions and in sham-operated rats 
during single and the seventh repeated IMO stress. 

In rats with septal lesions, there was a significant eleva- 
tion of baseline circulating EPI levels before single IMO as 
well as after repeated IMO, immediately before the seventh 
IMO (Fig. 2). During the first IMO, in both septal and 
sham-operated rats, there were marked elevations in cir- 
culating levels of EPI from the Sth min of stress, the first 
interval studied. The levels remained significantly elevated 
during the whole period of IMO, compared to unstressed 
animals. Septally lesioned rats had significantly higher cir- 
culating levels of EPI after 5 min of the first IMO compared 
to sham-operated ones (p<0.01). 

During the seventh IMO there were still elevated EPI 
levels in plasma, but no differences in septally and sham- 
operated rats, except the above mentioned elevated baseline 
levels in septal rats, were seen. According to the Wilcoxon 
test there was no significant difference in the course of the 
stress induced plasma EPI elevation between septally and 
sham-operated groups (T=0). Yet comparison of the inte- 
grated amounts of plasma EPI determined during the whole 
IMO in septal rats (mean values+SEM=12.6 ng-ml~! +0.8) 
with the amounts of plasma EPI in sham-operated rats (mean 
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FIG. 2. Effect of the first and seventh immobilization stress on 
plasma epinephrine levels in rats with septal lesions. n=11-20 
animals. xp<0.01, Op<0.05 compared to sham operated group. 
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FIG. 3. Effect of the first and seventh immobilization stress on 
plasma norepinephrine levels in rats with septal lesions. n=11-20 
animals. x»<0.05 compared to sham operated group. 


TABLE | 


EFFECT OF REPEATED IMMOBILIZATION STRESS ON PLASMA CATECHOLAMINES 
IN DECAPITATED RATS WITH SEPTAL LESION 





Epinephrine 
ng-ml"! 


sham 


Norepinephrine 
ng-ml~! 
sham 


septal septal 





Adapted control 10.8 
Immobilized 16.2 
seven times 


1.6 .7+ 0.4 5.0 + 0.5¢ 
+ 0.8 4.7+ 0.4 





Absolute control values: EPI=10.0 + 0.4 ng-ml~'; NE=2.1 + 0.4 ng-ml"!. 

Adapted control: decapitated 24 hrs after the sixth IMO. Daily immobilization 
interval for all stressed animals was 2.5 hrs. n=6-8 animals. 

*p<0.05 Compared to adapted controls; tpy<0.05 compared to 7 x IMO sham- 
operated; $»<0.01 compared to sham adapted control. 


values+SEM=9.1 ng-ml~' +0.7), by application of the un- 
paired f-test, revealed that during stress septal rats have a 
significantly higher amount of catecholamines available 
(p <0.01) than sham-operated animals. 

There were significant elevations of plasma NE levels in 
both septal and sham-operated rats during the whole period 
of single and the seventh IMO, compared to control levels 
(Fig. 3). Comparing septal and sham-operated rats, septally 
lesioned rats had significantly higher circulating levels of NE 
after the Sth and 20th min of single IMO (p<0.05). During the 
seventh IMO, there were no differences in plasma NE levels 
between septal and sham-operated rats. The course of the 
stress reaction of NE was not significantly different between 
septal and sham-operated groups according to the Wilcoxon 
test (T=0). In septal rats, however, the total amount of 
plasma NE during the whole IMO (mean values+SEM=5.4 
ng-ml-' +0.4) was significantly higher compared to the 
amount in sham-operated rats (mean values+SEM=3.9 
ng-ml~'+0.2), evaluated by the f-test (p<0.01). 


Plasma Catecholamines in Decapitated Rats 


On killing the animals by decapitation, after the seventh 
IMO, the elevation of plasma EPI level appeared in the 


sham-operated group, but no increase was found in the sep- 
tally lesioned group (Table 1). 

The difference of EPI level between sham and septally- 
lesioned rats after the seventh IMO was statistically signifi- 
cant. There were no significant differences in the level of 
plasma EPI in control resting sham-operated and septally 
lesioned rats, decapitated 24 hrs after the sixth IMO (adapted 
controls). 

Plasma NE levels were significantly increased in septal 
rats 24 hrs after the sixth IMO (adapted controls). After the 
seventh IMO, however, plasma NE levels did not differ in 
sham-operated and septally-lesioned rats. 

Content of catecholamines in adrenal glands. Adrenal 
catecholamine content was decreased after the first and 
seventh IMO both in sham and lesioned rats (Table 2). After 
the seventh IMO however, adrenal EPI content was signifi- 
cantly lower in septal than in sham-operated rats. There 
were no differences in adrenal NE content between sham 
and septal-lesioned rats after the first and the seventh IMO. 

Plasma corticosterone. Levels of plasma corticosterone 
in septally lesioned rats in which blood was collected by the 
catheter was found to be significantly increased in resting 
conditions (baseline level) as well as in the 120th min of 
single IMO compared to sham-operated rats (Fig. 4). There 
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TABLE 2 


EFFECT OF IMMOBILIZATION STRESS ON ADRENAL CATECHOLAMINES IN 
RATS WITH SEPTAL LESION 





Epinephrine 
ug/adrenal 


sham 


septal 


Norepinephrine 
pug/adrenal 


sham septal 





First 
immobilization 

Seventh 
immobilization 


+ 0.3 


+ 0.5 





Absolute control values: EPI=8.9 + 2.1 wg/adrenal; NE=2.1 + 0.9 wg/adrenal. 
One immobilization period was 2.5 hrs. n=6—-8 animals. 
*p<0.01; tp<0.02 compared to 1 x IMO; #p<0.01 compared to sham group. 


o--o septal lesion 


7x imo #— sham operation 


nmol mi” 











O++ r 0+ -_ 
05 20 60 120 0 20 120 
MINUTES OF IMMOBILIZATION 


FIG. 4. Effect of the first and seventh immobilization on plasma 
corticosterone levels in septally lesioned and sham-operated rats. 
xp <0.05 compared to sham-operated group. n=8—12 animals. 


were no differences between plasma corticosterone levels in 
repeatedly immobilized septal and sham-operated animals. 


DISCUSSION 


In the work presented in this paper, we studied the effect 
of lesions of the septum on plasma catecholamines and corti- 
costerone levels in rats under resting conditions, under 
acute, and 7 times repeated immobilization stress. Two dif- 
ferent modes of blood collection were used: through the in- 
dwelling catheter and on decapitation. In previous studies 
decapitation has been found to induce enormous catechola- 
mine release from the adrenal medulla, affecting the meas- 
ured baseline levels of plasma catecholamines. Blood from 
decapitated unimmobilized rats contained 80 times as much 
EPI and 8 times NE as did blood from undisturbed rats taken 
by catheter [10]. From this point of view, plasma catechol- 
amine levels in decapitated animals could be used as a meas- 
ure of the capacity of the adrenal medulla. 

In the present experiments, the amount of EPI in the 
adrenals and also in blood was found to be decreased in 7 
times IMO septal rats killed by decapitation compared with 
sham-operated animals. The differences in the amount of 
EPI became only manifest after the seventh IMO, neither 
after single IMO nor in the adapted controls of septal rats 
were there any differences in the content of catecholamines 
in the adrenal medulla. As already reported, the resting val- 
ues of EPI in the adrenal tissue of septal rats were compara- 
ble with those found in the control group [7]. The low EPI 


level in the adrenal gland and in blood of septal rats after 
repeated IMO is however associated with increased tyrosine 
hydroxylase activity [7,18], indicating unequivocally an en- 
hanced catecholamine synthesis, due to the increased activ- 
ity of the adrenal medulla, along with an increased catechol- 
amine release into the circulation, as demonstrated by blood 
collections through the indwelling catheter. Septal rats dis- 
played elevated baseline EPI values all over the experiment. 
The course of the EPI and NE response to stress differed 
only in the initial phase of single IMO from values found in 
sham-operated rats, but integration of the amounts of plasma 
catecholamines at each time interval revealed that during 
first IMO rats, with septal lesion have higher amounts of 
plasma catecholamines available than sham-operated 
animals. 

Septal rats develop adaptation to the 7 times repeated 
IMO stress and there are no differences in the reaction pat- 
tern of plasma catecholamines during the duration of the 
seventh IMO. These experiments are not designed to estab- 
lish whether the changes in humoral reactions are ascribable 
to a gradual decline of the septal syndrome or the adaptation 
to repeated IMO stress (the first exposure to IMO occurred 
on the Sth postoperative day, the seventh IMO on the 12th 
day following operation). The septal syndrome is known to 
subside two to four weeks after lesioning [14]. The increased 
levels of NE after decapitation of adapted controls of septal 
rats (Table 1) are presumably due to the increased activation 
of the sympathetic adrenomedullary system in those rats in- 
duced by the decapitation procedure. 

The elevated baseline levels of plasma corticosterone in 
septal rats confirm the findings of other authors [13, 20, 29]. 
Our results appear to be even more convincing, since they 
were recorded under stressless blood withdrawal by means 
of a catheter. On the basis of these findings it neither be 
confirmed nor disproved whether factors of an altered cir- 
cadian rhythm are also called into play [24]. However we 
suggest that an increased sensitivity of rats with septal le- 
sions to stress stimuli from the environment [5] is the reason 
for the elevated baseline levels of the studied hormones, i.e., 
corticosterone and epinephrine. The inserted cannula, the 
adhesive tape fixing the cannula to the skin, individual hous- 
ing after cannulation, and other non specific stimuli, which 
do not seem to be irritating to sham-operated animals, should 
be considered as being involved. 
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Yet proof of the actual mode of participation of the sep- 
tum in the regulation of the sympathetic adrenomedullary 
system and adrenocortical systems is still lacking. As 
neuroanatomical studies show, the septum, although it may 
possess certain functions of its own, is more likely to rein- 
force or elaborate information received from other structures 
[5,16]. The efferents of the septum include both telence- 
phalic and diecephalic components [2]. Most dominant are 
the pathways from the septum to the hippocampus, the two 
systems in which neurotransmitter balance has intensively 
been studied [2,22]. 
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The enhanced activities of the sympathetic adrenomedul- 
lary and adrenocortical systems in rats with septal lesions, 
manifested particularly by elevated baseline levels of EPI 
and higher amounts of all catecholamines in response to 
stress, imply that the septum is involved in the control 
mechanisms of the systems studied by exerting an inhibitory 
effect. Adaptation, which has occurred to a definite stress 
stimulus—immobilization—could probably be due to activi- 
ties of the other brain structures involved. The mechanism of 
this regulation, however, is still to be elucidated. 
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RODRIGUEZ ECHANDIA, E. L., M. FOSCOLO AND S. T. BROITMAN. Preferential nesting in lemon-scented 
environment in rats reared on lemon-scented bedding from birth to weaning. PHYSIOL. BEHAV. 291) 47-49, 1982.— 
Newborn rats (males and females) were reared on lemon scented shavings from birth to weaning. The experienced rats (111 
animals) and their controls (135 animals) were tested for lemon odor preference at 21, 51, 81, 111 and 141 days of age. The 
test box consisted of two preference chambers, containing wood shavings, interconnected by a starting compartment. 
Shavings of one of the preference chambers were sprinkled with natural lemon juice. The preference ratio was obtained on 
the basis of the chamber selected for nesting. The results clearly show that (1) sex differences occur in both experienced 
and control groups of rats and (2) rats reared on lemon scented bedding from birth to weaning acquire a permanent 
preference for nesting in the lemon scented chamber. The results are consistent with the hypothesis that an imprinting-like 


process takes place. 
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THE relation of an organism with its environment is a func- 
tion of genetic and experiential factors. The early olfactory 
experience of animals can have important behavioral effects. 
Rat, mice and hamster pups acquire preference for social 
odors during exposure to their mothers and siblings in the 
nest [4, 9, 10, 13]. Quadogno and Banks [16] reported that 
female laboratory mice reared by pygmy mice preferred the 
fosteringspecies over conspecifics in adulthood. In addition, 
it was shown that odors emanating from preputial glands of 
the mother apparently influence early postnatal mice and 
determine their preference in later life. Pups reared by 
mothers deprived of preputial glands preferred females with- 
out preputial glands to normal females. This preference can 
be extended also to preference for males [11]. This evidence 
suggests that the neonate hervous system can imprint on 
natural odors associated with the nest [15]. There is still poor 
evidence supporting that an imprinting-like process is in- 
volved also in acquisition of preference for ‘‘artificial’’ and 
aversive odors. 

Exposure to various scents during rearing increases pref- 
erence for those odors in rodent infants [5, 6, 7]. Lemon odor 
normally repels rat and hamster pups during the first week of 
age [5,8]. Later on these pups developed a degree of indiffer- 
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ence which is completed by day 12. In contrast, continuous 
neonatal exposure to lemon odor completely neutralized its 
normal aversive effects throughout the testing period (12 
days) but did not produce a clear-cut preference for this 
scent. The same observations also apply for garlic scent [5]. 
These experiments, however, took place at times when the 
olfactory system was not mature and, in general, conclusions 
on the effect of early exposure to aversive odors on later 
preference came from short-term experiments. The hypoth- 
esis to be tested in the present work was that rearing rat pups 
on aversive scent bedding from birth to weaning would in- 
duce a permanent preference for such odor in later life. 
Lemon scent was selected and nesting preference was tested 
monthly from weaning to adulthood. 


METHOD 


The subjects were 245 newborn rats (Holtzman strain) 
born in the laboratory. These were reared in stainless steel 
cages (402517 cm) on white poplar shavings and main- 
tained under controlled temperature (23+1°C) and lighting 
(light on 0600 to 2000 hr). A total of 96 pups (51 males and 45 
females) was reared on lemon scented shavings from birth to 
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weaning at day 21 (experimental animals). Their nests were 
daily sprinkled with 2 ml of natural lemon juice. The control 
litters (58 males and 76 females) were kept free of lemon odor 
and housed under similar conditions in a separate non- 
adjacent room. At day 21 of age all pups were weaned and 
caged by sex in a lemon free environment. Most animals 
were submitted to a preference test at 21, 51, 81, 111 and 141 
days of age. As illustrated by Fig. 1 a few experimental rats 
were not tested at day 21 and a considerable number of con- 
trol rats (23 males and 32 females) was tested on day 51 only. 
Some animals died before the observations were completed. 


Apparatus 


The testing apparatus consisted of wooden frames coated 
with plastic varnish. This enclosed a starting compartment 
(60x 35x35 cm) connecting through plastic gates with two 
adjacent chambers which provided separate olfactory en- 
vironments. Dimensions of the preference chambers were 
25x25x35 cm. The floor of the starting compartment was 
clean and dry. One of the preference chambers contained 
white poplar shaving sprinkled with 2 ml of natural lemon 
juice; the other chamber contained fresh poplar shavings im- 
pregnated with 2 ml of distilled water. The preference cham- 
bers were provided with removable tops to allow a shadow 
area at bottoms. The starting compartment was not topped 
and was illuminated with a white light lamp (40 W). 


Procedure 


Each animal was introduced into the starting compart- 
ment with the connecting gates closed, and left undisturbed 
for 1 min. Then, gates were simultaneously opened and the 
animal started exploration of both preference chambers. 
There was no avoidance of the lemon scented chamber by 
any subject. After intervals (varying according to individu- 
als, sex and age) of 10 to 60 min, the animals spontaneously 
stopped exploration and chose for nesting one of the prefer- 
ence chambers. There was no preference shown for nesting 
on the starting compartment. Preference was defined by the 
‘lemon preference ratio.’” This was the proportion of sub- 
jects that chose for nesting the lemon scented chamber to the 
proportion that chose the non-scented one. Following the 
Siegel [17] criterion the y” test, corrected by continuity, was 
selected for the statistical analysis. p values less than 0.05 
were considered significant. 


RESULTS 
Control Rats 


Figure 1 shows that lemon scent was an indifferent 
stimulus for control males at any age studied (21-141 days). 
The lemon preference ratio was close to 50%. The preference 
ratio of control females contrasted with that of males. At the 
day of weaning, control females clearly preferred the lemon- 
free chamber for nesting (Fig. 1). In this 21 day test, differ- 
ences in lemon preference ratio between males and females 
were highly significant (p<0.001). Aversion to the lemon 
scented chamber was apparent also in control females of 51 
days of age (juvenile rats). Interestingly, females of 81 and 
111 days became indifferent to the lemon scent but aversion 
reappeared in the test performed at 141 days of age (adult 
rats). Differences in lemon preference ratio between control 
females in the 81 and the 141 day tests were highly significant 
(p <0.001). 
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FIG. 1. Lemon preference ratio (%) of experienced (@) and control 
(©) males and females from 21 to 141 days of age. Numbers: number 
of animals. *p<0.05; **p<0.005; ***p<0.001. 


Experimental Rats 


Differences in the lemon preference rate between experi- 
mental and control males in the day 21 test were striking 
(p<0.001). Almost all experimental males nested on the 
lemon scented chamber. Though the lemon preference ratio 
declined in the 51 day test, differences with control males 
remained significant (p<0.001). In the day 81 test no differ- 
ence was apparent between experimental and control males. 
However, a Statistically significant preference for the lemon 
scented chamber reappeared when males were retested at 
day 111 and 141 of age (p><0.05 and 0.005 respectively). The 
lemon preference ratio in the 21 day test was significantly 
higher in experimental than in control females (p<0.001). 
Such difference remained in the 51 day test but disappeared 
in the test performed at 81 days of age. The lemon preference 
ratio of experimental females became significantly higher 
than controls in the 111 and 141 days tests (p><0.05 and 0.001, 
respectively). In fact, both males and females reared on 
lemon-scented bedding from birth to weaning showed higher 
lemon preference ratios than their controls at infancy and 
adulthood. However, some sex differences in the lemon 
preference ratio were found also in the group of experimental 
rats. In the test performed at the day of weaning the lemon 
preference of females was remarkably lower than males 
(p<0.001). 


DISCUSSION 


Present results clearly show that rat pups reared on lemon 
scented bedding from birth to weaning acquire an apparently 
permanent preference for nesting in a lemon scented en- 
vironment. This imprinting-like process might not be exclu- 
sively olfactory in nature. Inasmuch as our experimental 
pups were reared on lemon scented shavings it is reasonable 
to assume that odor experience was combined with taste 
experience as well. A taste experience would have taken 
place also when animals were tested for preference. It is 
known that rats and other vertebrates avoid bitter flavors but 
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adaptation to aversive flavors has been reported. Warren 
and Pfaffman [20] showed that newborn guinea pigs fed with 
the bitter chemical sucrose octaacetate for periods of 2-3 
weeks subsequently drank more of this chemical than did the 
controls. This was a short-lasting effect, however, which 
vanished by 3 months of age. Aversion to bitter flavors ap- 
pears to be genetically programmed [19] and less susceptible 
to an imprinting-like process as that reported herein. 
Another point to be briefly discussed concerns the ques- 
tion as to whether the lemon preference ratio of the adult 
experienced rats was not due primarily to an olfactory pref- 
erence but to an increased attraction to novelty. That early 
olfactory enrichment enhances later consumption of novel 
substances has been reported [12]. Capretta et a/. [1] showed 
that experience with several flavors early in life will predis- 
pose rats to accept novel food at 80-85 days of age. How- 
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ever, experiments at work in this laboratory showed that 
garlic scent does not attract either controls or lemon experi- 
enced rats at adulthood. 

Finally, it is known that sex influences olfactory reactiv- 
ity in developing rodents [7]. Early olfactory experience af- 
fects later preference of male guinea pig [2] and mice [14] 
more than female conspecifics. Present results support such 
observations. In the 21 day test the experimental males 
showed higher preference than females to the lemon scent. 
Female controls were clearly aversive to lemon at 21, 51 and 
141 days of age whereas control males were indifferent to the 
scent at any age studied. Interestingly, control females became 
indifferent to lemon in 81 and 111 days test. This might be 
connected to attainment of the adult type of cyclicity which 
occurs when females are about 54 days old, but behavioral 
sensitivity to estrogen increases with age in female rats [18]. 
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D. AND S. P. GROSSMAN. Responses to dietary adulterations in rats with zona incerta lesions. 


PHYSIOL. BEHAV. 29(1) 51-60, 1982.—Large lesions of the rostral zona incerta (ZI) permanently reduced food and 
water intake and body weight to about 75% of control levels. When quinine hydrochloride was added to the water supply, 
the experimental animals exhibited a somewhat greater initial decrease in fluid consumption, but otherwise responded 
much like control rats to quinine adulteration of both food and water. The ZI animals reduced their fluid intake when water 
was added to the food supply, in the form of wet mash, while the controls showed no compensation for the auxiliary water. 
When presented with sucrose solutions, the ZI animals increased their fluid intake, but reduced their mash consumption, to 
a greater degree than control rats. The experimental animals also showed an exaggerated response in both food and caloric 


intake to the addition of sucrose to the wet mash. 


Zona incerta Quinine hydrochloride Sucrose 


LESIONS in the rostromedial zona incerta (ZI) produce 
persisting hypodipsia [4, 5, 9, 11, 23, 24], transient 
hypophagia [1, 12, 13, 14, 25], a permanent reduction in body 
weight [11, 12, 13, 14], a lack of responsivity to cellular thirst 
challenges [1, 7, 18, 23], impaired responsivity to some ex- 
tracellular thirst stimuli [18,26] but not others [7,23], a failure 
to drink during food deprivation [2, 3, 25, 26], a deficit in re- 
sponding to the glucoprivic challenge of 2-deoxy-D-glucose 
(2-DG) [1, 7, 13, 19, 24], but normal or nearly normal feeding 
responses to insulin [1, 13, 24]. 

Rats with ZI lesions are not adipsic or aphagic during the 
immediate post-operative period and have no overt 
sensory-motor or arousal deficits. They nonetheless share 
many of the persisting regulatory deficits typical of rats 
which have recovered voluntary ingestive behavior after 
large lateral hypothalamic (LH) lesions. Following an often 
prolonged period of adipsia and aphagia, which is charac- 
terized by severe sensory-motor and arousal deficits, LH 
animals eventually recover apparently normal ingestive be- 
havior under ad lib conditions. Like the rat with ZI lesions, 
the ‘‘recovered’’ LH rat remains permanently adipsic when 
tested without food, and defends a permanently lowered 
body weight. These animals also display permanently im- 
paired responses to cellular as well as extracellular thirst 
challenges, and eat little, if at all, in response to 2-DG or 
insulin. 

LH animals are also characterized by hyperreactivity to 
the hedonic properties of their food and water [2,22]. These 
animals show an exaggerated positive response to highly 
palatable food but refuse to ingest, to the point of extreme 
dehydration or starvation, quinine adulterated food or water 
at concentrations that do not deter intake in non-lesioned 


Palatability 


Hypodipsia Hypophagia 


animals [22]. Although Stricker and Zigmond [21] have pro- 
vided evidence that LH animals which recover voluntary 
intake relatively early after surgery may be able to respond 
to mild thirst and glucoprivation challenges, it is clear that 
their regulation of ingestive behavior is qualitatively differ- 
ent from that of normal animals. 

McDermott and Grossman [11] have reported that ZI rats 
overreact (that is, show a greater than normal change in 
intake) to the percentage of fat in their diets, much as LH 
animals do [2]. Although their lesioned animals ate less than 
controls for each diet offered, the magnitude of the differ- 
ence between the groups decreased as the fat concentration 
of the food was increased. Unlike LH-lesioned animals, on 
the other hand, the ZI rats were observed to respond nor- 
mally to changes in the caloric density of their diets, pro- 
vided that the oil content of the food was kept constant. 
These observations suggest that the effects of ZI lesions on 
ingestive behavior may be mediated, in part, by their effect 
on reactivity to taste. There is, as yet, little further informa- 
tion on this potentially important point. 

Evered and Mogenson [5] have reported that rats with ZI 
lesions drink progressively less quinine adulterated water 
than controls as the concentrations of the solutions are in- 
creased, and continue to drink less fluid than non-lesioned 
animals when sodium saccharin is added to their water sup- 
ply. In contrast to these findings, Kiefer and Grijalva [9] 
have recently reported that ZI rats exhibit normal or nearly 
normal responses to additions of a variety of concentrations 
of sucrose or quinine hydrochloride to their water. They did 
note, however, that ZI animals did not habituate normally to 
subsequent tests of quinine adulteration (i.e., unlike the con- 
trols, they did not increase their intake of the adulterated 
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water during a second presentation), and suggested that this 
may have been one source of their discrepant results. We do 
not believe that this represents the most likely explanation of 
the differences in the two sets of data, since Evered and 
Mogenson [5] presented their series of quinine solutions in 
random order, but only found a large differential reduction in 
intake with the most highly concentrated solutions. We be- 
lieve, instead, that the lesions produced in the two studies 
did not yield comparable populations of animals. We have 
consistently found that the effects of ZI lesions on ingestive 
behavior differ, often dramatically, depending upon the size, 
location, and, in particular, the extent of involvement of ros- 
tromedial aspects of this large and complex structure. We 
consistently find that lesions that involve the rostromedial ZI 
abolish drinking responses to intraperitoneal (IP) injections 
of hypertonic saline [1, 7, 18, 23] and routinely use this test 
as a screening device for our studies. Evered and Mogenson, 
[4] on the other hand, reported that their ZI animals were 
mildly hypodipsic but responded normally to a cellular thirst 
challenge (it should be noted, however, that the doses of 
NaCl used by Evered and Mogenson [4] were nearly one 
order of magnitude smaller than those generally employed). 
Since Kiefer and Grijalva [9] did not report the effects of 
their lesions on drinking responses to hypertonic NaCl or 
other persisting regulatory deficits, a direct comparison of 
their data with those reported by Evered and Mogenson [4] 
may not be appropriate. Their relationship to the more se- 
vere syndrome of persisting deficits we have described in 
recent years, is, unfortunately, also not readily apparent. 

Both Evered and Mogenson [5] and Kiefer and Grijalva 
[9] employed acute taste tests (30 and 15 minutes in duration, 
respectively), which followed water deprivation periods of 
approximately 23.5 hr. Tests of such brevity may provide 
information on taste sensitivity, but give no information on 
the long-term acceptance or rejection of the solutions. 
Twenty-four hr ad lib consumption of quinine or sucrose 
solutions in Z]-lesioned rats has not been reported. 

The present experiments were designed to further eluci- 
date the effects of ZI lesions on the rats’ response to sweet or 
bitter tasting food or water. They also address Evered and 
Mogenson’s [4] proposal that the persistent hypodipsia seen 
in ZI animals may be due to a selective reduction of what 
Fitzsimons [6] has termed secondary drinking. (Rats typi- 
cally consume 20-30% more water than is needed for physi- 
ological homeostasis; since this ingestion is in excess of 
needs, Fitzsimons [6] called it secondary.) Evered and 
Mogenson’s [4] hypothesis is based on their observation that 
rats with ZI lesions drank as much of a liquid diet (that 
provided sufficient water as well as nutrients) as controls, 
but consumed almost no additional water. In contrast, the 
water intake of control animals was not reduced by the liquid 
diet. Evered and Mogenson [5] attributed this deficit in sec- 
ondary drinking to a reduction in the amount of water in- 
gested per bottle-spout lick, having observed that ZI rats 
take as many laps as controls, but obtain 20-25% less water 
per lick. Although they suggest that secondary drinking is 
susceptible to reduction in ZI] animals because it is not phys- 
iologically necessary, this does not seem to account for their 
observation that ZI-lesioned rats decreased their intake of 
quinine adulterated water. If their ZI animals were hypodip- 
sic because they regulate water intake at a low level which 
reflects only essential need (normal intake minus secondary 
drinking), any further reduction during the quinine test 
should prevent the animals from meeting physiological re- 
quirements. Unfortunately, Evered and Mogenson [5] did 
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not examine the effects of quinine adulteration on 24 hr ad lib 
intake, which would be necessary to determine whether 
these animals would undergo chronic water deficits, as LH 
animals have been reported to do under similar conditions 
[22]. The present investigation has addressed this problem. 


METHOD 
Animals 


Adult male albino rats (Holtzman, Madison, WI) weigh- 
ing 300-370 g at the time of surgery were used. The animals 
were housed individually in wire mesh cages in a tempera- 
ture controlled colony (22°+2°) with a 12 hr light/dark cycle. 


Surgery 


Bilateral lesions of the rostral zona incerta were made 
under sodium pentobarbital anesthesia by passing a 1.2 mA 
anodal direct current for 10 sec through a #3 stainless steel 
insect pin insulated except at its flattened tip. The following 
coordinates, from the Pellegrino and Cushman [16] atlas of 
the rat brain, were used in the stereotaxic placement of the 
electrode: AP=5.2; L=1.0; H=—2.0. 


Histology 


Operated animals were killed with ether and perfused 
transcardially with 0.9% NaCl followed by a 10% Formalin 
solution. Frozen sections (50 microns) were cut through the 
area of the lesion and were stained with cresyl violet. The 
stained sections were analyzed by light microscopy. 


Procedure 


Any animals observed to be aphagic, adipsic, or to have 
obvious motor or arousal deficits following surgery were 
excluded from subsequent behavioral testing. 

Approximately 2 weeks after surgery, all animals were 
injected intraperitoneally with 5 ml of 1 M NaCl plus 0.5 ml 
1% procaine; water intake was then measured at 1, 2, 6 and 
24 hr following the time of injection. This test for responsiv- 
ity to cellular dehydration was repeated about one week la- 
ter. Only those animals that drank less than 5 ml of water 
during the first hour after the injection of hypertonic saline 
and no more than 20 ml during the 24 hours after the injection 
were retained for further tests. This screening procedure was 
employed since numerous earlier studies [1, 7, 18, 23] have 
shown that ZI lesions which affect food and/or water intake 
always significantly impair or abolish the drinking response 
to hypertonic saline. 

Ad lib food (6% fat Teklad Rat and Mouse Pellets availa- 
ble in stainless steel hoppers, unless otherwise noted) and 
fluid (plain tap water available in glass bottles unless noted 
otherwise) intake were measured daily throughout the exper- 
iment. Twelve weeks following surgery, both lesioned and 
control animals were used as subjects in a series of tests 
designed to investigate their response to sweet or bitter tast- 
ing food or water. All animals were subjects in all tests. 
Unless specified otherwise, all concentrations are expressed 
in terms of w/v. The different tests were administered con- 
secutively (i.e., there were no temporal interruptions be- 
tween treatment conditions). 


Experimental Protocol 


Response to quinine adulteration of the water supply. a. 
The first experiment employed a 2x3 factorial design (le- 
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sions x dietary treatment). The three dietary treatments 
were as follows: (1) a continuation of the baseline conditions 
(pellets plus tap water); (2) pellets plus a 0.01% quinine hy- 
drochloride solution; (3) pellets plus a 0.02% quinine hydro- 
chloride solution. Each of the three test conditions were pre- 
sented for 10 days. b. The second experiment consisted of a 
2x2 (lesion x diet) matrix, the 2 dietary treatments being (1) 
pellets plus water; and (2) wet mash, a mixture of 4% Teklad 
Rat and Mouse Powdered Food and tap water in a 3:1 (w/w) 
ratio, plus tap water. The wet mash was presented in small glass 
jars which were attached to the front of the cages by a wire 
spring. The only parameters compared in this experiment 
were caloric and water intake. The duration of each treat- 
ment period was 10 days. 

The next phase of this experiment used a 2X2 (lesion x 
diet) factorial design; the 2 diet conditions were as follows: 
(1) wet mash and tap water; (2) wet mash plus a 0.02% 
quinine hydrochloride solution. Each treatment period lasted 
10 days. 

Response to sucrose adulteration of the water supply. A 
2x4 (lesion x diet) factorial design was used in this phase of 
our experiments. The 4 dietary treatments were (1) wet mash 
plus tap water; (2) wet mash plus a 10% sucrose solution; (3) 
wet mash plus a 5% sucrose solution; (4) wet mash plus a 
15% sucrose solution. Each treatment except the first was 
imposed for 5 days; the wet mash baseline was established 
over a 10 day period. 

Response to quinine or sucrose adulteration of the diet. 
The first of these experiments employed a 2x2 (lesion x 
diet) factorial design. The two dietary treatments, each of 
which lasted 10 days, were (1) wet mash and tap water; and 
(2) wet mash containing a 0.1% concentration of quinine hy- 
drochloride and tap water. The wet mash baseline, estab- 
lished in Experiment 2, was used as a basis of comparison. 

For the final series of experiments, a 23 (lesion x diet) 
factorial design was used. The 3 dietary conditions being (1) 
wet mash plus tap water; (2) wet mash containing a 10% 
(w/w) concentration of sucrose plus water; (3) wet mash con- 
taining a 20% (w/w) concentration of sucrose plus tap water. 
The length of each treatment was 5 days. 


Data Analysis 


Two-way ANOVAs with unequal Ns were calculated for 
each experiment (based on Snedecor and Cochran [18]). In 
order to collapse repeated measurements into a single obser- 
vation per rat in each treatment condition, a mean was calcu- 
lated for each rat for each dietary treatment. These means 
were then used in the calculation of the F ratio. 

Since ZI lesioned rats are known to regulate water intake 
at a lower than normal level [4, 5, 9, 11, 21, 22] and have 
been observed to display a transient hypophagia in some 
experiments [1, 7, 12, 25], we compared the responsivity of 
the groups to the various dietary treatments relative to their 
respective baseline levels. We also compared the initial re- 
sponses of the experimental and control groups to new di- 
etary regimens. To this end we compared between groups, 
within-groups difference scores obtained by subtracting the 
intake of each rat on the first day of a treatment from the 
intake on the last day of the previous treatment (no breaks 
intruded between the treatment periods). 

Unless specified otherwise, results reported to be signifi- 
cant are at the p<0.05 level; differences reported not to be 
significant had p values > 0.05. 


RESULTS 
Hypertonic Saline Tests 


Seven lesioned animals displayed the severe deficit in re- 
sponding to cellular dehydration that we have established as 
the most consistent effect of rostromedial ZI lesions [1, 7, 18, 
25]. The rats with ZI lesions drank only 1.7 ml +0.6 ml (mean 
and S.E.) during the first hour after IP injections of 5 ml of a 
1 M NaCl solution (in contrast to the controls which con- 
sumed 13.2 ml +1.9 ml). The 24 hr water intakes following 
these injections (during food deprivation) were 9.0 ml +1.3 
ml for the experimental group and 33.3 ml +4.3 ml for the 
controls. 


Histological Data 


All of the experimental animals incurred substantial dam- 
age to the rostral zona incerta (Fig. 1). The lesions were 
slightly larger and extended farther laterally than those de- 
scribed in earlier publications from this laboratory (e.g., [7]). 
Minor damage to the dorsomedial hypothalamus and the 
mammillothalamic tract was observed in most animals. In 
one rat the lesions infringed upon the lateral hypothalamus. 
The animal was retained in the study since it displayed 
neither aphagia nor adipsia or obvious sensory-motor defi- 
cits in the immediate post-operative period, and responded 
on all subsequent tests like the other rats with ZI lesions. 


Pre-Experimental Baseline 


The daily ad lib intakes of food (6% fat Teklad Rat Pellets) 
and tap water were measured for 12 weeks post-operatively. 
Throughout this period, the rats with zona incerta lesions 
consumed approximately 25% less food and water than the 
controls (both p’s<0.01) and regulated body weights at about 
75% of the weight of the controls. The food and water intakes 
and body weights of the experimental animals remained at 
comparable levels during repeated baseline tests scheduled 
throughout the remainder of the experiment. 

The effects of our lesions on ad lib water intake were 
comparable to or slightly more severe than those seen in 
earlier studies performed in this laboratory (e.g., {11, 23, 
24]). The effects on food intake were far more severe and 
persistent than those seen in our earlier studies of the region. 
Zona incerta lesions that severely affect ad lib water intake 
and the response to cellular as well as extracellular thirst 
stimuli have been reported to have no effect at all on ad lib 
food intake [23, 26, 28], or decrease it only slightly during the 
immediate postoperative period [7,25]. More severe and 
persistent effects on food intake that produced permanent 
reductions in body weight have been reported only after 
larger lesions in the subthalamic region [11] and after damage 
to the dorsomedial hypothalamus [3]. 


Experiment 1: Quinine Adulteration of the Water Supply 


(a) Pellet diet. The experimental animals consumed signif- 
icantly less pellet food (p<0.05) and tap water (p<0.01) than 
the controls during the 10 day baseline period immediately 
preceding the first dietary adulteration experiment. 

When a 0.01% quinine solution was offered instead of tap 
water, the fluid intake of both experimental and control 
animals fell sharply and remained below baseline levels 
throughout the 10 day test period. Both groups further re- 
duced their fluid intake below baseline levels when a 0.02% 
quinine solution was subsequently introduced. 
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FIG. 1. Photomicrograph of a coronal brain section showing a representative rostral zona incerta lesion at its widest extent. 


A 2-way ANOVA of these data indicated that the sizeable 
difference between the baseline water intakes of the two 
groups decreased markedly (p<0.001) during the quinine 
adulteration tests (i.e., the experimental animals reduced 
their fluid intake less than the controls when quinine was 
added to the water). However, when one takes the markedly 
different baselines of the two groups into account, the re- 
sponse of the two groups to the quinine adulteration was, in 
fact, all-but-identical (Fig. 2a). 

When tap water was reintroduced after the 0.02% quinine 
test, both groups increased their fluid intake sharply. The 
increase was significantly (9<0.01) larger in the control 
group. This re-established the marked differences in baseline 
water intake that had existed prior to this experiment. 

The food intake of both groups decreased slightly during 
the periods of quinine adulteration of their water supply. The 
effect was largest during the first exposure to quinine and 
was not statistically reliable (p>0.05) when all data from 
each 10 day exposure period were analyzed. As in the case of 
fluid intake, discussed above, the quinine adulteration of the 
drinking water produced remarkably similar effects on the 
pellet intake of the two groups when these data are ex- 
pressed as percentages of baseline levels (because the abso- 
lute reduction in food intake was smaller in the rats with ZI 
lesions) (Fig. 2b). 

Both groups increased their pellet intake after the last 
quinine test. This increase was significantly (p<0.02) larger 
in the control group, thus restoring the sizeable differences 
between the baseline intakes of the two groups. 


These results indicate that rats with ZI lesions respond to 
quinine adulteration of the water supply much like control 
animals when their lowered baseline levels of intake are 
taken into consideration. 

(b) Wet mash diet. In order to reduce the animals’ de- 
pendence on the quinine adulterated water supply, wet mash 
was substituted for the standard pellet diet during a second 
10 day test with access only to a 0.02% quinine solution. 

Both groups ate more by weight of the wet mash during a 
10 day baseline test. Caloric intake remained essentially 
constant for the lesioned rats (they consumed an average of 
92.0 kcal on the pellet diet and 92.6 kcal on wet mash), while 
the controls increased their caloric intake by about 6% (the 
controls ate 122.2 kcal on the pellet diet and 130.6 kcal of wet 
mash). This difference between the responses of the experi- 
mental and control groups to the substitution of wet mash 
was small but statistically reliable (p<0.05). 

The control animals did not reduce their water intake in 
order to compensate for the water content of the wet mash 
diet (p >0.05). The experimental animals, on the other hand, 
reduced their water intake by more than 20% (p<0.01). Asa 
consequence of this differential response to the composition 
of the diet, the sizeable baseline difference in water intake 
seen during the pellet food baseline increased significantly 
(p<0.001) during the wet mash test. When these data are 
expressed as percentages of the pellet baseline period, a 
large difference between groups is also observed (p<0.001) 
(Fig. 3). 

When 0.02% quinine was added to the water supply, the 
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FIG. 2. Daily fluid (A) and pellet (B) consumption during the presentations of 0.01% and 
0.02% quinine hydrochloride solutions, expressed as a percent of mean intake observed 


in the preceding water baseline period. 
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FIG. 3. Daily caloric (A) and water (B) consumption during the first presentation of wet 
mash, expressed as a percent of mean intake observed in the preceding pellet baseline 


period. 


fluid intake of both groups fell drastically (see Fig. 4). Al- 
though the initial decrease was comparable for the experi- 
mental and control groups when expressed in absolute quan- 
tities (p>0.05), the rats with ZI lesions showed a greater 
decrease in proportion to their baseline intake (p <0.05) (Fig. 
4). 

The fluid intake of rats with ZI lesions recovered in the 


course of the 10 day test, rather rapidly at first and more 
slowly during the second half of the experimental period. On 
the 10th day, this group drank 90% of the pre-test baseline 
(0.1>p>0.05). The fluid intake of the controls, although less 
affected at first, showed little recovery during the test period 
and remained significantly below the pretreatment baseline 
(p<0.01) on the 10th day of the test (Fig. 4). Nonetheless, the 
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FIG. 4. Daily fluid (A) and mash (B) consumption during the presentation of a 0.02% 
quinine hydrochloride solution, expressed as a percent of mean intake observed in the 


preceding water baseline period. 


overall response of the experimental and control groups to 
the quinine adulteration of their water supply seemed re- 
markably similar (as it had been in our earlier tests). 

The food intake of the control animals was entirely unaf- 
fected by the sharply reduced fluid intake during the 0.02% 
quinine adulteration of their water supply. The rats with ZI 
lesions, on the other hand, ate significantly (p<0.01) less, 
relative to their own baseline during the 10 day quinine test 
period (Fig. 4). 

The results of these tests confirm the observations made 
in our first series of experiments. Although severely 
hypophagic and hypodipsic, rats with large subthalamic le- 
sions respond very much like intact controls when their 
water supply is adulterated with a bitter quinine solution. 
When part of the animals’ water needs are met by water in 
their diet, rats with ZI lesions initially reduced their fluid 
intake more than controls in response to quinine adulteration 
but adjusted to the bitter taste within a matter of days. 

When one compares the water intakes of the experimental 
and control animals on dry pellet and wet mash diets, it 
appears that the controls do not compensate for the addi- 
tional water contained in the wet mash diets whereas the rats 
with ZI lesions curtail drinking significantly. This indication 
of tighter regulation of water intake on the part of the rat with 
ZI lesions was seen both in the baseline test and in the sub- 
sequent experiment when the water supply was quinine adul- 
terated. 


Experiment 2: Sucrose Adulteration of the Water Supply 


In order to ascertain whether rats with ZI lesions also 
regulate fluid intake normally when the palatability of their 
water is increased, we replaced the tap water supply with 
10%, 5% and 15% (in that order) sucrose solutions. 

When the animals were first exposed to the (10%) sucrose 
solution, both groups sharply increased their fluid intake, 
and continued to drink increasing amounts throughout the 5 


day test period, both groups consuming approximately 200 
ml on the last test day. Although the baseline intakes of the 
two groups, prior to this test were quite different (p <0.001), 
there were no statistically reliable differences (p>0.05) in 
absolute fluid intake during this first sucrose test because the 
rats with ZI lesions showed a much larger increase in fluid 
intake than the controls (p<0.001), relative to their respec- 
tive baselines (Fig. 5). 

The wet mash intake of both groups fell during this 
period, the decrease being proportionately larger for the 
lesioned rats (p><0.01). Total caloric intake was therefore 
only slightly (p >0.05) elevated for both groups (Fig. 5). The 
significant (p<0.001) differences in absolute caloric intake 
that had existed during the preceding baseline tests were 
thus defended almost precisely. 

When the sucrose concentration of the water supply was 
decreased to 5%, there were no statistically reliable differ- 
ences between the fluid, wet mash, or caloric intake of the 
experimental and control animals, relative to baseline levels. 

When the sucrose concentration of the drinking water 
was increased to 15%, the fluid intake of both experimental 
and control animals levelled off at a common level (approx- 
imately 150 ml). Relative to their baseline intake, the exper- 
imental animals increased their fluid intake and decreased 
their wet mash consumption significantly (both p’s<0.001) 
more than the controls during this test. As a result, there 
were no significant changes in caloric intake for either group 
(p>0.05) and the large and statistically reliable (p<0.001) 
differences in baseline caloric intake were maintained. 

It is interesting to note that the wet mash (and caloric) 
intake of both groups remained reliably (p<0.01 for the ZIs 
and p<0.001 for the controls) below pretreatment levels 
when the sucrose solution was removed and tap water was 
restored at the end of this experiment. The water consump- 
tion of rats with ZI lesions also fell signigicantly below the 
pretreatment baseline. The controls, on the other hand, 
drank nearly as much after the experiment as they had before 
the introduction of the sucrose solutions. 
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FIG. 5. Daily fluid (A), mash (B) and caloric (C) consumption during the presentations of 10% and 15% sucrose-water solutions, expressed as a 
percent of mean intake observed in the preceding water baseline period. 
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FIG. 6. Daily fluid (A), mash (B) and caloric (C) consumption during the presentations of 10% and 20% sucrose-wet mash mixtures, expressed 
as a percent of mean intake observed in the preceding wet mash baseline period. 


Experiment 3: Quinine and Sucrose Adulteration of the Diet 


In order to obtain additional information on the effects of 
ZI lesions on reactivity to palatability, quinine or sucrose 
were added to the wet mash diet with tap water available ad 
lib. 

When 0.1% quinine was added to the wet mash diet, the 
food and water intakes of both groups declined to approx- 
imately 80% of baseline but recovered completely within 2-3 
days of continued experience with the quinine adulterated 
diet. When the data from the entire 10 day test period were 
analyzed, the effect of quinine was not statistically reliable 
(p >0.05). 

The addition of 10% or 20% sucrose to the wet mash diet 
produced small increases in food intake in rats with ZI le- 
sions (the effect was statistically reliable, »><0.05 only for the 
20% sucrose diet) and did not affect their water consumption 


(Fig. 6). The food intake of the control animals was not ele- 
vated during the sucrose adulteration test; their water intake 
decreased to 80-85% of baseline (p <0.05). The caloric intake 
of both the experimental and control groups was reliably 
elevated during both sucrose adulteration tests (both 
p’s<0.001) because the animals failed to compensate for the 
increased caloric density of the test diet. Relative to the 
different baselines of the two groups, the rats with ZI lesions 
increased their food, water, and caloric intake significantly 
more than controls on these tests (all p’s<0.01), and this 
significantly (p<0.01) decreased the differences in food and 
water intake that existed throughout these experiments. 


DISCUSSION 


In the present series of experiments, large zona incerta 
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lesions that infringed upon the dorsomedial hypothalamus 
were found to produce profound and apparently permanent 
reductions in food and water intake and body weight to about 
75% of control levels. The animals sustained this reduced 
intake and body weight for the duration of the experiment 
(approximately 6 months) without any obvious deleterious 
effects on their health. 

These results are in agreement with Fitzsimons’ [6] sug- 
gestion that 20-30% of the rat’s normal water intake may be 
in excess of actual physiological need. Our data further 
suggest that food intake may have a similar ‘‘frivolous”’ 
component under normal circumstances. 

Evered and Mogenson [5] have suggested that zona in- 
certa lesions selectively eliminate the non-essential or “‘sec- 
ondary’’ component of the rat’s water intake, possibly by 
making drinking less efficient. However, this interpretation 
fails to account for the fact that rats with our rostromedial 
zona incerta lesions drink little or nothing during periods of 
food deprivation [23] and respond poorly if at all to cellular 
as well as extracellular thirst challenges [7, 18, 25, 26, 27]. 

It is, moreover, not congruent with the observations 
made in the present experiments that rats with ZI lesions 
further reduce their intake when quinine is added to their 
water supply and effect a compensatory decrease that is re- 
markably similar to that shown by controls when one takes 
into account the significantly different baselines. Similar ad- 
justments have been seen in short-term tests by Kiefer and 
Grijalva [9] and Evered and Mogenson [5]. 

Evered and Mogenson [5] have provided evidence indi- 
cating that rats with ZI lesions obtain less water per lap than 
intact controls. It is not clear whether this apparent 
sensory-motor dysfunction applies to our animals since our 
lesions appear to involve portions of the ZI that are located 
farther rostral and medial than those destroyed by Evered 
and Mogenson [5]. We have not, as yet, duplicated their 
analysis of lapping but have, in the present study, confirmed 
earlier observations [12] of increased food spillage after large 
zona incerta lesions that produced unusually severe and 
persistent hypophagia. Mild dysfunctions of drinking-related 
sensory-motor mechanisms could account for the apparently 
tighter regulation of fluid intake seen when wet mash was 
substituted for the standard dry pellet diet (drinking was 
significantly reduced in the ZIs but not in the controls). It is, 
however, clear from the results of our sucrose adulteration 
tests that our animals with ZI lesions are capable of drinking 
fully as much fluid (approximately 200 ml/day of the 10% 
sucrose solution) as controls when its palatability is en- 
hanced by sucrose admixture. 

If one adjusts the results reported by Evered and Mogen- 
son [5] for obvious differences in baseline water intake, their 
ZI animals appear to respond very much like controls to 
quinine adulteration of their water supply except at very high 
concentrations. Kiefer and Grijalva [9] report only a very 
slightly greater decrease from baseline in rats with ZI lesions 
(the difference between groups was not statistically reliable). 
Our own observations of a greater initial decrease in 
quinine-adulterated water intake, is congruent with these 
findings. The fact that our rats with ZI lesions increased their 
quinine-adulterated water intake after a few days so that 
their decrease from baseline was almost exactly that seen in 
controls further supports the conclusion that any enhance- 
ment of the ZI rats’ quinine aversion cannot be a major ef- 
fect. 

Our observations also suggest that rats with ZI lesions 
defend their lower fluid intakes much like intact controls, a 
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rather startling conclusion in view of their refusal to drink 
unless food is present and obvious impairments in respond- 
ing to cellular as well as at least some extracellular thirst 
stimuli. Indeed, our observation that the rats with ZI lesions 
but not the controls drank less in order to compensate for the 
considerable water content of our wet mash diet suggests 
that the lesioned animal rigorously maintains its fluid intake 
at a chronically reduced level. 

It is interesting to note that this differential response to 
water in the diet apparently influenced the animals’ reactions 
to quinine adulteration of their water supply. When one 
compares the response to the 0.02% quinine solution when 
pellets were the only food available with the response to the 
same solution when a wet mash diet was offered, it is clear 
that the controls reduced their drinking by nearly identical 
percentages from baseline, whereas the rats with ZI lesions 
initially drank far less when they could obtain water from 
their diet (Fig. 4) than they did when maintained on the pellet 
diet (Fig. 2). This is not likely to be an adaptation phenom- 
enon since the pellet tests preceded the wet mash test, and 
was separated from it by extensive baseline tests using un- 
adulterated water. 

Although the rat with ZI lesions does not eat in response 
to 2-deoxy-D-glucose-induced cellular glucoprivation [13, 
19, 23] and may be mildly hypophagic (indeed, rather signifi- 
cantly so in the present experiments), its ability to regulate 
caloric intake appears to be remarkably intact. Our rats with 
ZI lesions did not increase their caloric intake when a 
presumably more palatable wet mash diet was substituted for 
their standard pellet chow, and compensated as well as con- 
trols for sucrose adulteration of their drinking water (even 
though they increase their intake of the sweet fluid far more 
relative to their water baseline than controls). 

Once again, there is some indication in these data that the 
rat with ZI lesions rigidly regulates intake at a chronically 
lowered level. Even though the lesioned animals consumed 
almost precisely as much sucrose-adulterated water as the 
controls, they maintained an essentially constant, lower 
caloric intake by achieving a greater reduction of wet mash 
intake. This adjustment breaks down only in the last experi- 
ment where the rats with ZI lesions increased their intake of 
sweetened food (and calories) more than the controls. Al- 
though their absolute intake remained a few grams below 
that of the control group on these tests, it would appear that 
the ZI rats’ propensity to maintain chronically lowered food 
intakes and body weights can be overcome by palatable 
foods. Indeed, our data indicate quite clearly that food intake 
of the experimental animals was far more affected than that 
of the controls, a finding one would not have expected on the 
basis of the two earlier reports of short-term taste tests [5,9] 
which indicated essentially normal reactivity to saccharin or 
sucrose. Unfortunately, it seems likely that the lesions used 
in these earlier studies are not comparable to ours. Kiefer 
and Grijalva [9] appear to have made small lesions that re- 
sulted only in minor changes in ad lib water intake. Evered 
and Mogenson [5] obtained more severe hypodipsia, but re- 
port in an earlier paper [4] that their animals responded nor- 
mally to cellular dehydration. 

It is difficult to interpret these results in terms of the 
known anatomy of higher-order taste pathways. Norgren 
[15] has described major tertiary gustatory projections to and 
through the subthalamus which would be affected by lesions 
in the zona incerta. Kiefer and Grijalva’s [9] report of essen- 
tially normal short-term responses to a variety of concentra- 
tions of solutions representing the four principal taste mo- 
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dalities suggest that these pathways are not essential for pri- 
mary sensory processes. It seems possible therefore that the 
apparently greater response of our ZI rats to sweet (and, to a 
lesser extent bitter) tasting fluids and foods may not indicate 
a change in reactivity to taste, per se. Our data suggest, 
instead, that whatever primary effect of the lesion reduces 
food and water intake chronically can be overcome (or be 
further aggravated) by changes in the palatability of the diet 
or fluid supply. This conclusion is in agreement with our 
earlier observation [12] that rats with ZI lesions were quite 
hypophagic on a low-fat diet but ate as much as controls, or 
nearly so when the palatability of their diet was increased by 
sizeable additions of vegetable oil. 

It is difficult to relate our observations on the effects of ZI 
lesions to the literature on finickiness in the ‘‘recovered lat- 
eral rat’’ because several quite different syndromes have 
been reported. The classic description of the effects of large 
LH lesions by Teitelbaum and Epstein [22] emphasize that 
finickiness is a prominent, persisting effect of such lesions. 
During early stages of recovery, only highly palatable foods 
are accepted and the animals refuse quinine adulterated food 
or water at concentrations as low as 0.005% even after they 
have completed the last stage of recovery and are capable of 
maintaining stable body weights on standard laboratory 
chow diets and tap water. More recent investigators of the 
effects of lesions in the lateral hypothalamus have reported 
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that the ‘‘recovered lateral rat’’ responded to quinine adul- 
terated diets [8] as well as highly palatable eggnog diets [17] 
very much like intact controls. It has been suggested that 
procedural differences may account for the apparent dis- 
crepancies between the earlier and more recent reports [10]. 
However, closer inspection of the data indicates that the 
lesions used in the recent literature produced far less persis- 
tent aphagia and adipsia than those used by Teitelbaum and 
Epstein [22]. This suggests that they may well have spared 
regulatory mechanisms that were affected by the apparently 
larger lesions used in the earlier studies. The matter is 
further complicated by the fact that most so-called lateral 
hypothalamic lesions (certainly those made in the initial 
studies of the LH lesion syndrome) invaded and extensively 
damaged the ZI. It is significant, in this connection, to point 
out that nearly all of the ‘‘persisting deficits’’ seen in the 


recovered ‘‘lateral’’ rat have now been found in rats with ZI 
lesions that spare the LH completely. 
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SANDBERG, D., S. DAVID AND J. STEWART. Effects of estradiol benzoate on the pattern of eating and ethanol 
consumption. PHYSIOL. BEHAV. 29(1) 61-65, 1982.—The effects of daily injections of 5 ug estradiol benzoate (EB) on 
the patterns of food and ethanol consumption were studied in ovarectomized rats given free access to food, a 10% ethanol 
solution, and water. EB led to an immediate, but transient, suppression of both food and ethanol intake. The time course 
and magnitude of these effects were virtually identical. While the decrease in total food intake was achieved by a permanent 
decrease in the duration of eating bouts, the decline in total ethanol consumption apparently resulted from decreased rates 
of licking within bouts. Gradual increases in the frequency of eating and ethanol-drinking bouts allowed total food and 
ethanol intake to return to baseline within three weeks of the first injection. Total water intake rose three-fold during EB 
administration and this was due to increases in both the duration and frequency of drinking bouts. The similarity in effects 
induced by EB on the patterns of food and ethanol intake were discussed in terms of ethanol’s caloric property. 


Estradiol benzoate Ethanol consumption 


Meal patterns 





IN intact female rats, food intake and body weight fluctuate 
over the course of the estrous cycle; both decline on the 
evening of proestrous and are accompanied by increased 
levels of endogenous estradiol at that point of the estrous 
cycle [9]. It has been demonstrated that administration of 
estradiol benzoate (EB) to ovariecomized rats leads to de- 
crements in both food intake and body weight [7, 10, 11]. The 
effect of food intake is transient, lasting approximately two 
weeks, despite continued hormone administration. In con- 
trast, the suppressive effects of EB on body weight persist 
for the duration of hormonal treatment. This observation 
has led workers to suggest that the primary action of es- 
tradiol is to lower the level at which body weight is main- 
tained and that food intake decreases only until body weight 
stabilizes at a lower level. At this time food intake gradually 
returns to levels recorded prior to hormone administration 
{7, 11, 13). 

The fact, however, that decreased food intake results 
from implantation of crystalline EB into the region of the 
ventromedial hypothalamus makes it appear that estradiol 
also has direct effects on consummatory behavior [4, 8, 12]. 
Additional support for this idea comes from the demonstra- 
tion of lasting changes in meal patterns of rats in response to 
EB administration. Blaustein and Wade [1] have shown that 
EB administered to ovariectomized rats leads to an im- 
mediate and permanent shortening of the duration of each 
meal consumed, accompanied by a gradual increase in the 
frequency of meals initiated. Initially, this change in fre- 





quency only partially compensates for the decreases in du- 
ration. The trend towards increased frequency of meals con- 
tinues, however, and the total food intake returns to levels 
indistinguishable from those of an oil-treated control group 
within three weeks of the onset of hormone treatment [1]. By 
demonstrating an effect of EB on the duration of food intake 
that persists beyond the period of temporary hypophagia, 
these data reinforce the idea that estradiol can directly influ- 
ence consummatory behavior. 

Recently, we have reported that the pattern of changes in 
ethanol consumption of ovariectomized rats following daily 
EB administration closely resembles that reported by others 
for food intake (Sandberg and Stewart, in press). Daily EB 
administration leads to a pronounced but transient decrease 
in ethanol consumption. The decrease in ethanol consump- 
tion persists for approximately two weeks, after which 
ethanol intake returns to the level of oil-treated control 
animals. After determining that the effects of EB were not 
due to altered ethanol metabolism or as a result of malaise 
developing out of an interaction between EB and ethanol, we 
suggested that a common mechanism was responsible for 
EB-induced suppression of both food and ethanol intake. 

The present report extends the comparison of the effects 
of EB on food and ethanol intake to a study of *‘meal’’ pat- 
terns. Ovariectomized rats were given free access to food, a 
10% ethanol solution and water. The effects of daily injec- 
tions of EB on the pattern of feeding and drinking were eval- 
uated. 
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METHOD 


Five female Wistar rats, purchased from Canadian Breed- 
ing Farms Laboratories and weighing 175-200 g at the be- 
ginning of the study, were ovariectomized and one month 
later individually housed with water and a 10% ethanol (vol- 
ume/volume; 95% ethanol) solution and standard laboratory 
chow available at all times. Prior to the present study the 
animals had been maintained in this fashion for approx- 
imately four months during which four animals served as 
oil-treated control subjects in a study investigating the ef- 
fects of ovarian hormones on ethanol consumption 
(Sandberg and Stewart, in press). The fifth animal had been 
given a single subcutaneous injection of 5 wg EB three 
months prior to participation in the present study. 

In this, as in our previous studies, animals were given 
prolonged experience with ethanol in order to stabilize con- 
sumption prior to EB treatment. This allowed us to compare, 
without any confounding influence of the novelty of the 
ethanol solution, the effects of EB on ethanol drinking with 
its effect on food intake. 

For purposes of the present study the animals were trans- 
ferred to and housed at all times in transparent plastic boxes 
with metal grid floors. Water and the 10% ethanol solution 
were dispensed from plastic centrifuge tubes with rubber 
stoppers affixed with double ball-bearing metal spouts to re- 
duce leakage. In addition, the spouts were recessed behind 
plastic covers in order to further minimize the possibility of 
leakage resulting from inadvertent shaking of the tube. In 
order to permit continuous recording over the 24 hr period, 
the tubes were connected to drinkometer circuits and an 
Esterline-Angus multi-pen recorder. Contact with the water 
or ethanol spouts caused the pens to deflect but unless the 
animal broke contact with the spout the record would be 
continuous. In addition, even if the animal paused within a 
bout, it would be impossible to record individual licks unless 
the pause lasted several seconds. The position of the tubes 
was alternated daily to counteract the development of a 
position preference. Fluid consumption was measured daily 
(to the nearest ml) between 1400-1700 hr; fresh solutions 
were provided at that time. Body weights of the rats were 
also recorded daily. Each cage was also equipped with a 
lever which when pressed led to the release fa 45 mg food 
pellet (P. J. Noyes Company, Lancaster, NH) and was au- 
tomatically noted on the same record as the drinking data. 
The cumulative number of bar-presses (pellets consumed) 
for the previous 24 hr period was recorded on a counter. 

The criteria used for the calculation of both meals and 
drinking bouts closely approximates those used by Levitsky 
[5]. In order to be scored as a meal or drinking bout contact 
with the level or drinking tube had to have lasted a minimum 
of 35 sec. Any activity of a shorter duration was not scored. 
This minimum duration was long enough to ensure that inad- 
vertent contact with a drinking spout or the bar would not be 
counted as drinking or eating. Analysis of the data revealed 
that such short duration responding occurred very in- 
frequently. Further, when calculating the duration of an in- 
dividual eating or drinking bout the pauses in behavior within 
a bout were subtracted from the total duration of the meal or 
drinking bout. Additional licks or bar-presses within 10 min 
of the last event were scored as part of the same meal or 
drinking bout. 

The hormone treatment period lasted 20 days during 
which each rat received daily subcutaneous injections of 5 
ug EB dissolved in 0.1 ml peanut oil. The timing of the 
injections coincided with all other daily measurements. This 
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FIG. 1. Mean (+SEM) daily body weight of ovariectomized rats 
prior to, during, and following daily EB treatment. Each point repre- 
sents a block of four days. In this and following figures, the first and 
last blocks of treatment were compared to the last baseline block 
prior to EB treatment using two-tailed paired t-tests (*p<0.05; 
**n<0.01). 


treatment period was preceded and followed by eight daily 
injections of the oil vehicle alone (0.1 ml). 


RESULTS 


Data are presented as daily mean values for blocks of four 
days. In each case the effects of treatment were evaluated by 
t-test for dependent samples in which a comparison was 
made between the last four-day block prior to EB treatment, 
the first (Days 1-4) and last (Days 17-20) blocks of EB 
treatment. The effects of EB on body weight are illustrated 
in Fig. 1. Body weight was reduced significantly (p<0.02) 
within the first four days of treatment. With continued hor- 
mone administration body weight decreased further, resting 
finally 29 g or approximately 8% below baseline (p<0.01). 
Increases in body weight coincided with hormone with- 
drawal. 

Effects of EB injections on food, ethanol and water con- 
sumption are illustrated in Figs. 2 through 4. Changes from 
baseline consummatory behavior were assessed along a 
number of dimensions. The effects of EB on the daily total 
consumption of food, ethanol, and water are illustrated in the 
top panel of each figure. Meal and drinking bout durations 
are summarized in the middle panels, and frequency of bouts 
in the bottom panels. The data for the day and night of the 
light/dark cycle are illustrated separately. 

It can be seen that daily hormone treatment led to an 
approximately 40% suppression of food intake within the 
first four days of treatment (p<0.001, Figs. 2A). This sup- 
pression was transient, however, and absolute food intake 
approached baseline levels by Days 13-16 of EB treatment 
(Block 4). Following the termination of EB injections, large 
increases in food intake were observed; by Days 5-8 after 
removal of EB, food intake was approximately 160% of 
baseline. 
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FIG. 2. Mean (+SEM) daily food intake (panel A), meal duration 
(panel B) and meal frequency (panel C) of ovariectomized rats prior 
to, during, and following daily EB treatment. Each point represents 
a block of four days. Meal duration and frequency during the day 
and night are graphed separately (*p<0.10; *»><0.05; ***p<0.001). 


These changes in overall food intake resulting from daily 
EB treatment were associated with changes in meal patterns. 
The duration of individual meals decreased significantly dur- 
ing both the day and night periods within the first four days 
of EB treatment (p<0.05) and stabilized at approximately 
50% of baseline (Fig. 2B). 
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FIG. 3. Mean (+SEM) daily ethanol intake (panel A), ethanol- 
drinking bout duration (panel B) and ethanol-drinking bout fre- 
quency (panel C) of ovariectomized rats prior to, during, and follow- 
ing daily EB treatment. Each point represents a block of four days. 
Ethanol-drinking bout duration and frequency during the day and 
night are graphed separately (*p<0.05; **p<0.01). 


It can be seen from Fig. 2C that the frequency of meals 
increased during the night (p<0.02), but was not significantly 
affected during the day. The frequency of night meals in- 
creased by Days 5-8 of EB treatment to approximately 150% 
of baseline, and remained stable thereafter. 

In summary, the anorexia produced by EB results from a 
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FIG. 4. Mean (+SEM) daily water intake (panel A), water-drinking 
bout duration (panel B) and water-drinking bout frequency (panel C) 
of ovariectomized rats prior to, during, and following daily EB 
treatment. Each point represents a block of four days. Water- 
drinking bout duration and frequency during the day and night are 
graphed separately (*p<0.05; **p<0.01). 


change in meal duration. Its transience is due to an increase 
in frequency that occurs gradually and consistently, bringing 
the total food intake to baseline levels. 

Changes in the pattern of ethanol consumption in re- 
sponse to EB are illustrated in Fig. 3. Ethanol consumption 
declined during EB treatment (Fig. 3A). The suppression 
was most marked early in treatment, when animals con- 
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sumed approximately 60% of their baseline ethanol intake 
(p<0.01). Just as was the case with food intake, however, 
total ethanol intake increased gradually over days, despite 
continued hormone administration and returned to baseline 
by Days 17-20 of EB treatment (p >0.05). It can be seen from 
Figure 3B that there was little effect of EB on the duration of 
ethanol-drinking bouts. EB did, however, produce an in- 
crease in the frequency of bouts (Fig. 3C) similar to that seen 
in the frequency of meals (Fig. 2C). 

The effects of EB on water intake are illustrated in Fig. 4. 
Total water intake increased three-fold over the course of 
EB treatment (p<0.05) with mean intake rising from 27+6 
mi/kg/day prior to hormone administration to 86+17 
ml/kg/day during Days 17-20 of EB treatment (Fig. 4A). This 
increased overall intake was accompanied by increased fre- 
quency of drinking bouts (Fig. 4C). Upon withdrawal of EB 
treatment, mean water intake remained elevated but did not 
differ significantly from baseline. This lack of significance is 
attributable to the fact that one animal showed a large reduc- 
tion immediately following hormone withdrawal. 


DISCUSSION 


In the present study EB administration induced the pat- 
tern of changes in food intake reported by others in the 
ovariectomized rat [7, 10, 11]. Hypophagia was transient, 
lasting approximately two weeks, but was nonetheless ac- 
companied by weight loss which persisted throughout the 
injection period. Furthermore, as reported previously, meal 
duration decreased and frequency of meals gradually in- 
creased. We can now compare directly the effects of EB on 
ethanol consumption to these highly replicable findings of 
EB on food intake. In the present study the rats exhibited 
shifts in their pattern of ethanol consumption in response to 
EB that paralleled both in time course and magnitude of 
effect the changes observed in food intake. This finding of 
decreased ethanol consumption in ovariectomized rats in re- 
sponse to treatment with EB confirms our recent report 
(Sandberg and Stewart, in press) and extends it by demon- 
strating that in the same animal the magnitude and time 
course of the effects on both food and ethanol intake are 
virtually identical. 

At first glance it is puzzling that while a decrease in meal 
duration was clearly observed, no systematic change in the 
duration of ethanol drinking bouts was recorded. Consider- 
ing the similarity in effects along the other two dimensions 
described (i.e., decreased total intake and increased fre- 
quency of meals and drinking bouts), the absence of a de- 
crease in the duration of ethanol drinking bouts is difficult to 
understand. A decrease in total ethanol intake that is asso- 
ciated with an increase in the overall frequency of drinking 
bouts, must necessarily be accompanied by a decrease in the 
volume of ethanol consumed during an individual bout. It 
therefore must be concluded that the measure of ethanol 
bout duration used in the present study was not an adequate 
index of the volume of ethanol consumed. While efforts were 
made to eliminate pauses in responding from the calculations 
of the duration of a bout, this effort was not sufficient to 
detect changes in the density or rate of licking (see Method 
section). Thus, it must be inferred from the results illustrated 
in Fig. 3 that the rate of ethanol drinking must have de- 
creased with EB treatment despite the absence of change in 
the duration of the bout. This decrease in the rate of licking 
would thus contribute to the decrease observed in total 
ethanol intake. 
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In sharp contrast to those similarities described above in 
the effects produced by EB on the patterns of both food and 
ethanol intake, water consumption underwent very different 
types of changes. Total water intake increased dramatically 
early during EB treatment, resting finally 300% above 
baseline levels. This dipsogenic effect was achieved by in- 
creases in the frequency of drinking bouts during the night 
period. Durations during the light period remained uninflu- 
enced by the presence of EB. Both Sandberg and Stewart (in 
press) and Messiha and Webb [6] have reported similar in- 
creases in total water intake in response to EB administra- 
tion in a situation in which the rat had free access to both an 
ethanol solution and water. That the increases in water in- 
take are not simply a compensatory response to EB-induced 
decreases in ethanol consumption becomes apparent when 
both the magnitude and the time course of the two events are 
compared. First, water increases are greater than decreases 
in ethanol. Also, water intake continues to rise and peaks at 
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a time when ethanol consumption has returned to control 
levels (Figs. 3A and 4A). These large increases in water in- 
take that occur when animals consuming ethanol are ad- 
ministered EB are puzzling in view of several reports that 
increased levels of estradiol inhibit angiotensin-induced 
drinking [2,3]. It thus remains to be determined which fea- 
tures of the situation or, possibly, characteristics of the sub- 
ject are responsible for these discrepant findings. 

By demonstrating that daily EB administration to ovariec- 
tomized rats leads to similar changes in both overall intake 
and the patterns of eating and ethanol consumption, the re- 
sults of the present study further support the notion that the 
rat, given free access to ethanol, responds primarily to the 
caloric property of the solution. Studies are presently being 
conducted in our laboratory to determine if the hypophagia 
and suppression of ethanol consumption elicited by EB are 
being mediated through a common mechanism. 
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HUGHES, R. A. Anticholinergic drugs, blood-brain-barrier and tonic immobility in chickens. PHYSIOL. BEHAV. 29(1) 
67-71, 1982.—A series of three experiments examined the effects of atropine, scopolamine, and their methyl analogs on 
tonic immobility in chickens. The first experiment demonstrated significant attenuation of immobility duration by atropine 
and scopolamine. Methyl atropine and methyl scopolamine attenuated immobility duration but did so significantly less than 
equivalent amounts of atropine and scopolamine. Experiments 2 and 3 examined effects of atropine, methyl! atropine, 
scopolamine, and methyl scopolamine on immobility duration as a function of posthatch age. In these experiments atropine 
and scopolamine attenuated TI duration at each test age examined. The methy! analogs attenuated TI duration only at the 
youngest age (7-days posthatch) and failed to do so at 14-days posthatch or older. These age-dependent differences between 
the tertiary and quaternary compounds were attributed to blood-brain-barrier development. In Experiments 2 and 3 
immobility duration increased with increased posthatch age. Scopolamine prevented the age-related increase but atropine 
did not. This difference is discussed in terms of fear arousal. 


Atropine Scopolamine Methy! atropine 
Blood-brain-barrier Age-related increased fear 


BRIEF physical restraint can induce a dramatic but transient 
state of immobility in a wide variety of animals [7]. This 
immobile state is often termed tonic immobility (TI) and is 
thought to represent an adaptive response to predatory 
encounters [7, 21, 24]. Fear arousal appears to be an impor- 
tant constituent of TI. Manipulations that increase and de- 
crease fear increase and decrease TI duration, respectively 
[7]. 

Current research has centered on the extent to which var- 
ious neurotransmitters may be involved with TI phenomena. 
Although serotonergic involvement appears pivotal [1, 9, 10, 
11, 18, 29]; adrenergic [2, 12, 25], cholinergic [13, 26, 30], 
and dopaminergic [6,28] systems have also been implicated. 
The extremely broad range of drugs that can affect TI dura- 
tion, the fact that many of the drugs used affect more than 
one neurotransmitter, and reports of opposite drug effects on 
TI in avians vs mammals [10,30] pose difficulties for at- 
tempts to develop descriptive and potentially predictive 
models of TI pharmacology (e.g. [1,29]). The task of sum- 
marizing TI pharmacology is made even more difficult by a 
variety of conflicting research results. There are, for exam- 
ple, contradictory data on the participation of cholinergic 
systems in TI phenomena. 

Thompson et a/. [26] reported that decreased cholinergic 
activity by scopolamine and increased cholinergic activity by 
physostigmine attenuated and augmented TI duration re- 
spectively in chickens, an observation replicated by Wood- 
ruff et al. [30] in ducklings. In contrast Maser ef al. [18] using 
atropine and Ksir [16] using scopolamine failed to obtain 
significant anticholinergic effects on TI. Further, Hicks [13] 
reported significant TI attenuation by scopolamine but not 
by atropine. Thus, there is some question about the reliabil- 
ity of attenuated TI by scopolamine [16,18 vs 13, 26, 30]. 


Methyl! scopolamine 
Chicken 


Anticholinergics Tonic immobility 


Moreover, since scopolamine and atropine share common 
anticholinergic properties the status of cholinergic involve- 
ment in TI is further compromised by failures to obtain at- 
tenuated TI with atropine [13,18]. Such conflicting data are 
not unusual in research on drug-behavior interactions and 
are often attributed to a variety of procedural and/or species 
differences. Ksir [16], however, argued that significant ef- 
fects on TI duration by altered cholinergic activity were con- 
founded by unintentional experimenter bias. That assertion 
was based on information that the experimenters involved in 
the Thompson et al. [26] research were aware of the drug 
treatment schedules [16] whereas in the research where sig- 
nificant anticholinergic effects were not obtained, the exper- 
imenters were unaware of drug treatment conditions [16,18]. 
Ksir [16] did not demonstrate that knowledge of drug treat- 
ment schedule is a necessary condition for obtaining signifi- 
cant anticholinergic effects on TI but his assertion is not 
without some justification since TI duration is demonstrably 
sensitive to experimenter effects [8]. Although unintentional 
experimenter bias may have contributed to the effects re- 
ported by Thompson et al. [26] whether or not a similar 
unintentional bias could have contributed to the research 
reports of Woodruff et a/. [30] or of Hicks [13] is not clear. 
The status of experimenter knowledge about drug treatment 
schedules was not specified in either report. Thus, experi- 
menter bias may not be a necessary condition for obtaining 
significant effects of altered cholinergic activity on TI dura- 
tion. 


EXPERIMENT | 
This experiment examined the effects of atropine, 
scopolamine, and their methyl analogs on TI duration. Sev- 
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eral procedural details were designed to minimize potential 
experimenter bias. The experimenters involved in the re- 
search were uninformed of the drugs used and of expected 
results, and automated recording of TI duration permitted 
the experimenter who induced TI to leave the experimental 
room once a successful TI episode ensued. 


METHOD 
Subjects 


The subjects were 90 white leghorn cockerels obtained at 
1 day posthatch from Welp, Inc. (Bancroft, IA). The chick- 
ens were maintained in a commercial brooder, under artifi- 
cial light (on 0600 to 1800 hr) with free access to food (Wayne 
pullet starter) and water. 


Apparatus 


Four identical plywood chambers [19] each lined with 4.6 
cm polystyrene to form a cube of approximately 30x 30x30 
cm (internal dimensions), were used. Access to the interior 
was by a 15 cm dia. hole in one wall. The hole could be 
covered with a white cloth flap. The chamber interior was 
illuminated by a 7 W white bulb which extended through the 
ceiling and was covered by a white translucent Plexiglas 
panel. The chamber was vented by 6 holes (2 cm) in the 
ceiling. An oval depression (18x10 cm) in the center of the 
chamber floor was about | cm deep along the circumference 
and gradually sloped to 2.5 cm deep at its center. A photo- 
beam directed at a photosensor across the short axis of the 
oval depression was used to stop a timer (Hunter Kloc- 
kounter, Model 120A) which was started by a silent hand- 
operated switch located outside the chamber. Each test 
chamber was placed in a separate darkened room. 


Procedure 


At 10 days posthatch a chicken was removed from the 
brooder and hand-carried to an adjacent room where it was 
weighed and randomly assigned to receive an IP injection (1 
ml/kg) of either 0.9% saline, 0.5, 1.5, 3.0 scopolamine hydro- 
bromide, 3.0 scopolamine methyl! bromide, 5.0, 15.0, 30.0 
atropine sulfate, or 30.0 atropine methyl nitrate (drug 
amounts mg/ml; n=10 chickens per group). After injection 
each chicken was placed in a 15 x 13 cm metal can which was 
covered by a vented opaque plastic lid. Near the end of the 
10 min injection-test interval the chicken was carried, in the 
container, to one of the four rooms where TI was induced. 
The chicken was held upright in the chamber over the oval 
depression for 5 sec, was then inverted and held firmly on its 
back in the oval depression for 15 sec, and was gently re- 
leased. At release the timer was started and the cloth flap 
was lowered over the access hole. If the chicken righted 
itself at release or within 10 sec the induction procedure was 
repeated. Induction attempts continued until the chicken ex- 
ceeded a TI duration of 10 sec after which the experimenter 
left the room. After successful TI induction, the timer con- 
tinued until the photobeam activated the photosensor as the 
bird righted itself or until a criterion of 600 sec elapsed. In 
this Experiment and in Experiments 2 and 3 the experi- 
menter who induced TI was unaware of drug treatment con- 
ditions as was the experimenter who administered injections. 


Data Analyses 


Separate ANOVA’s were computed on raw scores for 
saline and all scopolamine doses including methyl 
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TABLE | 


MEAN IMMOBILITY DURATIONS (SEC) AS A FUNCTION OF 
ANTICHOLINERGIC DRUG DOSAGE (mg/kg) 





Group TI Duration SEM 





460.9 59.7 
263.7 S74 
149.3 45.2 
139.8 pa 
132.4 21.0 
256.8 45.4 
Atropine 5.0 168.6 38.7 
Atropine 15.0 132.9 22.0 
Atropine 30.0 98.7 26.4 


Saline 

Methyl! Scopolamine 3.0 
Scopolamine 0.5 
Scopolamine 1.5 
Scopolamine 3.0 

Methyl Atropine 30.0 





scopolamine and for saline and all atropine doses including 
methyl atropine. Subsequent pairwise comparisons were by 
Duncan’s New Multiple Range Test [15]. 


RESULTS AND DISCUSSION 


Drug treatment did not influence susceptibility to TI in- 
duction. Only four of the 90 chickens required more than one 
induction attempt. The distribution across treatments of 
these four chickens, each of which required one additional 
induction attempt, was one each in the saline, 0.5 
scopolamine, 30.0 atropine, and 30.0 methyl atropine 
groups. 

Mean TI duration for each treatment group is presented in 
Table 1. Inspection of the data shows that all drug groups 
displayed lower mean TI duration than the saline control 
group. Scopolamine, F(4,41)=9.11, p<0.001, and atropine, 
F(4,41)=11.43, p<0.001, significantly attenuated TI dura- 
tion. Pairwise comparisons revealed that all drug groups 
displayed significantly briefer TI durations than the saline 
control group (all ps<0.01). Mean TI durations displayed by 
the methyl atropine and methyl scopolamine groups, while 
significantly shorter than the saline duration, were at the 
same time significantly longer than durations displayed by 
the atropine (30.0 mg/kg) and scopolamine (3.0 mg/kg) 
groups, respectively (ps<0.05). 

That atropine and scopolamine attenuated TI duration 
significantly more than their methyl analogs supports the 
suggestion that cholinergic participation in TI phenomena 
reflects central nervous system effects [26,30] since the ter- 
tiary compounds readily cross the blood-brain-barrier but 
the quaternary compounds do not. It is likely that the methyl 
anticholinergic effects reflect a central nervous system influ- 
ence since the blood-brain-barrier of the chicken is virtually 
nonfunctional at birth and may not attain adult-like status 
until three or more weeks posthatch [5, 17, 23, 27]. At- 
tenuated TI duration by the methy] anticholinergics reported 
herein may represent central nervous system effects, and the 
difference in magnitude of effects between the tertiary and 
quaternary forms may reflect unequal penetration of an in- 
completely formed blood-brain-barrier. 


EXPERIMENT 2 


If the significant effects of the methyl anticholinergics on 
TI duration obtained in Experiment | represent penetration 
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TABLE 2 


MEAN IMMOBILITY DURATIONS (SEC) AS A FUNCTION OF 
ATROPINE, METHYL ATROPINE, AND POSTHATCH AGE* 


TABLE 3 


MEAN IMMOBILITY DURATIONS (SEC) AS A FUNCTION OF 
SCOPOLAMINE, METHYL SCOPOLAMINE, AND POSTHATCH AGE* 





Posthatch Age 
14 21 


Posthatch Age 
18 





550.2 (68.50) 
282.3 (60.5) 
554.0 (74.8) 


450.8 (74.5) 
154.7 (34.5) 
437.8 (63.2) 


402.6 (82.0) 
190.2 (44.4) 
240.9 (62.8) 


Saline 

Atropine 

Methyl 
Atropine 





*Numbers in parentheses are SEM. 


of an incompletely formed blood-brain-barrier then the ef- 
fects of the quaternary anticholinergics on TI duration ought 
to be inversely related to posthatch age as the blood-brain- 
barrier develops. This experiment examined the effects on 
TI duration of atropine and methyl atropine in chickens aged 
7, 14 and 21 days posthatch. 


METHOD 
Subjects and Apparatus 


The subjects were 144 white leghorn cockerels obtained 
from the same supplier and maintained as described in Ex- 
periment |. The apparatus was as described in Experiment |. 


Procedure 


At the appropriate age (see below) a chicken was re- 
moved from the brooder and hand-carried to an adjacent 
room where it was weighed and randomly assigned to re- 
ceive an IP injection (1 ml/kg) of either 0.9% saline, 30.0 
mg/kg atropine sulfate, or 30.0 mg/kg atropine methyl ni- 
trate. These treatments were administered to independent 
groups at 7 and 8, 14 and 15, and 21 and 22 days posthatch. 
The data from same-injected groups collected at 7-8, 14-15, 
and 21-22 days posthatch were combined for statistical 
analyses, and the age groups were designated 7, 14, and 21 
days posthatch for descriptive convenience. After injection 
subjects were placed in a metal can and 10 min later immo- 
bility was induced as described in Experiment |. The immo- 
bility duration criterion for this experiment was 900 sec. 


RESULTS 


Susceptibility to TI induction was not influenced sys- 
tematically by either posthatch age or drug treatment. Only 
seven of the 144 animals required more than one 15 sec in- 
duction attempt. Six of these animals required two attempts 
(two animals at each age) and one 21-day old required three 
attempts. The distribution of the seven animals across drug 
treatments was 2, 3, and 2 in the saline, atropine, and methy! 
atropine groups, respectively. 

Mean TI duration for each group is presented in Table 2. 
The data show that immobility duration increased with in- 
creased age and that atropine decreased TI duration at each 
posthatch age. Methyl atropine also decreased TI duration 
but did so only at the seven day posthatch age. 

Analysis of variance supported most of the trends evident 
in Table 2. There was a significant main effect of Age, 
F(2,135)=14.17, p<0.01, and of Drug, F(2,135)=6.13, 





571.9 (78.6) 
70.1 (11.4) 
506.5 (81.0) 


224.3 (27.0) 
111.5 (18.3) 
89.7 (15.6) 


Saline 
Scopolamine 
Methyl Scopolamine 





*Numbers in parentheses are SEM. 


p<0.01. The Age x Drug interaction was not significant. A 
posteriori analysis by Duncan’s test revealed significantly 
lower TI durations for the atropine groups relative to the 
saline groups at each test age (ps<0.05), and significantly 
lower TI duration for the methyl atropine group relative to 
the saline group only at seven days posthatch (p<0.05). 
Comparisons across age for each drug treatment revealed 
that TI duration for each treatment group was significantly 
longer at 21 days posthatch than at 7 days posthatch 
(ps<0.05). 


EXPERIMENT 3 


This experiment examined the effects of scopolamine and 
methyl scopolamine (3.0 mg/kg) in seven and 18 day old 
chickens. All aspects of procedure were as described for 
Experiment 2 except that the smaller number of subjects (36 
at each test age; 12 per treatment group) permitted all 
animals to be treated and tested at either 7 or 18 days 
posthatch. 


RESULTS AND DISCUSSION 


As in the previous experiments susceptibility to TI induc- 
tion was not systematically influenced by either drug treat- 
ment or age. Four of the 72 subjects required two induction 
attempts (one scopolamine-injected animal at 18 days 
posthatch, one scopolamine-injected animal and two saline- 
injected animals at seven days posthatch). Table 3 presents 
mean TI duration for each age group as a function of 
posthatch age. These data show a pattern of effects that is, in 
most respects, like those obtained in Experiment 2. 

As in Experiment 2 analysis of variance revealed a signif- 
icant main effect of Age, F(1,66)=36.9, p<0.01, and of Drug, 
F(2,66)=20.8, p<0.01. In this experiment, however, the 
Age x Drug interaction was also significant, F(2,66)=12.9, 
p<0.01. Analysis of simple main effects [15] revealed a sig- 
nificant effect of Age for both the saline and methyl 
scopolamine groups (ps<0.01) but not for the scopolamine 
groups. Drug treatment, however, was a significant factor at 
each test age (p<0.05 at 7 days posthatch; p<0.01 at 18 days 
posthatch). Further analyses (Duncan’s test) revealed that at 
7 days posthatch both scopolamine and methyl scopolamine 
attenuated TI duration (ps<0.05) whereas only scopolamine 
did so at 18 days posthatch (p<0.01). Thus, the results of this 
experiment were similar, but differed in one respect, to the 
results of Experiment 2. The results of Experiment 2 
demonstrated that atropine significantly reduced TI duration 
at each test age, that methyl atropine did so only at an early 





70 


test age, and that the age-related increase in TI duration was 
not prevented by either atropine or methyl atropine. The 
results of Experiment 3 revealed that scopolamine reduced 
TI duration at each test age, that methyl scopolamine did so 
only at an early test age, and that scopolamine significantly 
attenuated the age-related increase in TI duration. 


GENERAL DISCUSSION 


Neither atropine, scopolamine, nor their methyl analogs 
altered the number of attempts required to induce a “‘suc- 
cessful’ TI episode in the three experiments presented he- 
rein. In contrast atropine, scopolamine, and their methyl 
analogs, each significantly reduced TI duration. This evi- 
dence suggests that cholinergic processes participate in the 
regulation of TI duration but are not crucial determinants of 
TI susceptibility. 

The results of Experiment | revealed significant effects 
on TI duration not only by atropine and scopolamine but also 
by their methyl analogs. Methyl atropine and methyl 
scopolamine significantly reduced TI duration but were sig- 
nificantly less effective than equivalent amounts of atropine 
and scopolamine. Atropine (Experiment 2) and scopolamine 
(Experiment 3) significantly reduced TI duration at each 
posthatch age but equivalent amounts of methyl atropine and 
methyl scopolamine did so only at the youngest age (7 days 
posthatch). In agreement with previous research [5, 17, 23, 
27] this evidence suggests that the chicken’s blood-brain- 
barrier is virtually non-functional for up to seven days 
posthatch and, if not adult-like [5, 17, 27], is sufficiently 
well-developed by 14-21 days posthatch to prevent methyl 
atropine or methyl scopolamine from entering the central 
nervous system in amounts necessary to affect TI duration. 
This evidence clearly supports the suggestion that anticho- 
linergic effects on TI duration reflect an interaction at central 
and not peripheral cholinergic sites and also supports the sug- 
gestion that the effects on TI duration of the quaternary anti- 
cholinergics obtained in the 10-day old chickens of Experi- 
ment | reflect penetration of an incompletely formed blood- 
brain-barrier. 

Reduced TI duration by scopolamine (Experiments | and 
3) is consistent with previous reports of similar effects in 
avians [13, 26, 30]. In contrast to previous reports [13,18] 
Experiments | and 2 demonstrated significantly reduced TI 
duration by atropine. Although the bases of these conflicting 
results are not clear it is unlikely that the present findings 
with either atropine or scopolamine reflect unintentional ex- 
perimenter bias [16]. The experimenters who conducted this 
research were unaware of drug treatment conditions and of 
the purpose of the research. The two individuals involved 
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(P.D. and M.L., Acknowledgement) were, in fact, specific- 
ally recruited for this research and were not informed of its 
purpose. Moreover, the automated recording procedure 
used for measuring TI duration eliminated any potential in- 
fluence that the continued presence of the experimenter 
might have on TI duration (e.g. [8]). 

The results of Experiments 2 and 3 demonstrated in- 
creased TI duration from early to late posthatch tests, a 
function that is thought to reflect increased fear [7, 14, 22]. 
Any between experiment comparison is necessarily tenuous. 
Nevertheless, scopolamine (Experiment 3) prevented the 
age-dependent fear-related increase in TI duration whereas 
in Experiment 2 atropine did not. This outcome may support 
the suggestion that scopolamine is more potent than atropine 
in affecting fear-based responses [3, 4, 14, 20, 29]. Further- 
more, if the presence of an experimenter during a TI episode 
increases fear (e.g. [8]) and potentiates TI duration then 
perhaps previous failures to obtain significantly reduced TI 
duration with atropine reflect procedural differences which 
favor fear potentiated TI (e.g. experimenter presence and 
relatively late posthatch tests; [13,18]). This interpretation 
suggests that both atropine and scopolamine may attenuate 
TI duration under conditions where fear arousal is minimized 
(i.e., the present research in which the experimenter was not 
present during the immobility episode) and that atropine may 
be less likely than scopolamine to affect TI under conditions 
that favor fear potentiated TI (i.e., previous research in 
which experimenters were invariably present during the TI 
episode). 

However different atropine and scopolamine might be in 
affecting fear, the present research together with the previ- 
ous reports [13, 26, 30] clearly demonstrates that central 
cholinergic systems are involved in TI phenomena. It is 
equally clear that adrenergic [2, 12, 15] dopaminergic [6,28], 
and serotonergic systems are also involved. Participation of 
multiple neurochemical systems in TI phenomena, although 
descriptively inconvenient and therefore difficult to deal 
with theoretically, is not inconsistent with the notion that TI 
represents an adaptive response in predator-prey interac- 
tions [7, 21, 24]. If this interpretation is correct then it seems 
very likely that multiple systems, redundant, partially over- 
lapping, and perhaps species-specific [10,30] may have 
evolved to support this potentially adaptive immobility re- 
sponse. 
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and were compared to sham operated rats or rats with lesions of Sm1+2 in learning a series of 5 ridge-smooth tactile 
discriminations. Some rats began testing | or 2 weeks after surgery, while others remained in their home cages for | month, 
6 months, 1 year or 2 years before beginning testing. The rats with combined Sm1+2 lesions performed very poorly 
regardless of recovery time, and those with sham operations performed extremely well even when tested late in life. The 
animals with either Sm-1 or Sm-2 lesions did not do well after the shorter recovery periods, but obtained scores within the 
sham operated group range when given | year. (Sm-2) or 2 years (Sm-1) for recovery. These data show that spared parts of 
the damaged system are important in mediating tactile discriminative behavior. However, the reasons for the long delays in 


recovery are not clear. 


Recovery time Sensorimotor cortex lesions 


IT is well known that patients as well as laboratory animals 
with brain damage often show some remission of symptoms 
over time. Yet the reasons why some cases exhibit rapid and 
complete recovery, while others display slow or partial re- 
covery, are not always very clear [9]. Some variables that 
may affect the overall condition of the brain, such as early 
experience [3] and nutritional history [16], may play impor- 
tant roles in restitution. Although not well understood, an- 
other factor that could contribute significantly to the re- 
covery process might be the sparing of fragments of a target 
area [10]. 

In an earlier study from this laboratory [7], it was ob- 
served that rats with very large, bilateral lesions of the sen- 
sorimotor cortex (Sm1+2) [27] showed no evidence of re- 
covery over time when tested for acquisition of a series of 
five ridge-smooth tactile discriminations. Even with 1 or 2 
years to recover from surgery, the animals were markedly 
impaired when compared to sham operated rats. Because 
subtotal sensorimotor cortex damage, even in man, usually 
results in at least partial recovery with the passage of time 
[12, 17-20, 22, 23], the question was raised as to whether 
different findings would be obtained on the same tactile bat- 
tery with smaller lesions in this region; i.e., lesions confined 
to just Sm-1 or to just Sm-2. The present study was designed 
to examine this possibility in order to learn more about the 
long-term effects of sensorimotor cortex damage and the im- 
portance of the individual sensorimotor cortical areas in 
mediating tactile discriminative behavior. 





Tactile discrimination learning 


METHOD 
Subjects 

Male rats (N=112) derived from the CD strain (Charles 
River) served as subjects in the experiment. The animals 
were housed by threes in plastic cages (30.5 x 35.6 17.7 cm) 
under constant illumination and with ad lib water throughout 
the experiment. 

Since 39 rats with Sm1+2 lesions and 37 with sham oper- 
ations had already been tested at various recovery periods (2 
weeks to 2 years) under conditions identical to those used 
here [7], the 112 new rats were mainly assigned to surgical 
groups Sm-1 and Sm-2, and only a few rats in each recovery 
period condition (except | week) received sham operations 
or combined Sm1+2 lesions. The data from the latter 
animals were combined with those presented previously [7] 
for inclusion in this report to permit direct comparisons be- 
tween Sm-1, Sm-2, Sm1+2 and sham operated groups at 
different recovery times. In addition, since 5 rats were given 
Sm-1 ablations and 6 received Sm-2 lesions (with 2 weeks 
recovery) in another report from this laboratory [4], the data 
from these 11 rats also are presented here, increasing the 
total number of animals to 199. The inclusion of all previ- 
ously reported cases was based solely on similar lesion char- 
acteristics, and not on behavioral profiles. 

The new animals were assigned as follows: 7 sham, 6 
Sm-1, 5 Sm-2 and 5 Sm1+2 rats in the 7 day recovery condi- 
tion; 0 sham, 6 Sm-1, 6 Sm-2 and 0 Sm-+2 in the 14 day 
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recovery condition; 2 sham, 9 Sm-1, 10 Sm-2 and 2 Sm1+2 in 
the 1 month recovery condition; 2 sham, 8 Sm-1, 11 Sm-2 and 
0 Sm1-2 in the 6 month recovery condition; 2 sham, 8 Sm-1, 5 
Sm-2 and 1 Sm1+2 in the | year recovery condition; and 2 
sham, 10 Sm-1, 4 Sm-2 and 1 Sm-1+2 in the 2 year recovery 
condition. The total number of rats per group (with previ- 
ously reported subjects [4,7] added) appears at the base of 
each column in Fig. 1. 


Surgery 


All surgery was performed under pentobarbital sodium 
anesthesia. Bilateral lesions were made in one operation by 
gentle aspiration with lesion sites determined by previously 


published recordings made in this laboratory. After making 
the ablations, Gelfoam was put on each wound. The skin was 
sutured with silk thread and dressed with Bacitracin oint- 
ment, and 100,000 units of Benzathine Penicillin G were 
administered IM. The sham operation consisted of a midline 
incision exposing the dorsal surface of the skull followed by 
the treatment outlined above. All animals were enucleated at 
the time of surgery to prevent the use of visual cues during 
testing. 


Postoperative Care 


The animals were returned to their home cages with un- 
limited access to water and food (Purina Rat Chow mixed 
with water). Three days prior to testing, the 7-day group was 
put on a 15 min/day feeding schedule. This limited access 
food schedule began 5 days prior to testing for the 14-day 
group, | week prior to testing for the 30-, 180-, and 365-day 
groups, and 5 weeks prior to testing for the 730-day group. 
(The 2 year animals were given the longest food restriction 
schedule because they had developed large deposits of 
adipose tissue which hindered locomotion in the maze.) All 
animals were handled 15 min per day for several days prior 
to testing, and received no other handling or special care 
between the time of surgery and the time of testing either 7, 
14, 35, 160, 365 or 730 days later. Without exception, the rats 
were gentle and highly motivated to run for wet food (Purina 
Rat Chow mixed with water) at the time of testing. 


Apparatus 


The ability to discriminate between ridged and smooth 
surfaces of equal height was tested in a T-maze. The tactile 
discriminanda were made of aluminum and served as floors 
on the wings of the maze. The battery involved 5 ridge- 
smooth problems and these were arranged such that the 
ridged floor became progressively smoother (grooves be- 
came smaller) as discriminations were mastered. The prob- 
lems thus were graded in difficulty, and this was confirmed 
(unpublished observations) by enucleated animal perform- 
ance on each problem in the absence of training on the pre- 
ceding problems. ‘‘Learning sets,’’ however, usually are 
formed as a rat goes through the entire series of problems, 
such that under the conditions used in the present study, 
scores typically do not reflect this increasing difficulty. A 
detailed description of the maze and the tactile plates has 
been published [5]. 


Procedure 


The testing procedure was identical to that used in earlier 
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studies [4,7]. Briefly, the animals were run after different 
recovery periods by experimenters who did not know the 
status of each rat. The animals were given 5 trials/day, 7 
days/week, with half rewarded (wet food) for always cross- 
ing the smooth plate, and the remainder given food for al- 
ways crossing the ridged plate (this factor did not affect 
learning and was collapsed in the statistical treatment of the 
data). The discriminanda were presented in a random posi- 
tion (right or left) with the stipulation that the rewarded sur- 
face would not appear in the same position more than 3 times 
in a row on any one test day. To prevent olfactory cues, food 
was presented in both wings of the maze with a barrier pre- 
venting an animal from eating if an incorrect choice were 
made. In addition, the discriminanda were scrubbed with a 
deodorizing solution after each trial to minimize odor trials. 
Rats progressed to harder discriminations (less physical sep- 
aration between the stimuli) after reaching an a priori crite- 
rion of a maximum of one error in three consecutive days 
with a perfect score on the last day. If a rat did not reach 
criterion within 40 days on any one discrimination, that 
animal was removed from testing and a conservative 
maximum score of 43 days to criterion was assigned on that 
problem, and on harder problems to which the rat did not 
advance. The rats were given 15 min access to all the wet 
food they could eat approximately 15 min after testing was 
completed. 


Histology 


Immediately following testing, the animals were deeply 
anesthetized with pentobarbital sodium and then perfused 
with 0.9% saline followed by 10% Formalin in saline injected 
through the aorta. The superior and lateral surfaces of the 
intact brains were photographed and then allowed to fixate in 
Formalin solution. Frozen sections were cut at 50 micra on a 
freezing microtome. Every tenth section was saved, 
mounted on slides and stained with cresyl-violet. The sec- 
tions were examined to confirm placement of the lesions and 
drawings were made of the damage. 


RESULTS 


Figure 1 shows the mean number of days needed by each 
surgical group to reach criterion on each of the 5 tactile 
discriminations as a function of recovery time. The number 
of animals tested and the number reaching criterion on each 
problem are also presented in this figure. As can be seen, the 
sham operated animals took about 40 days to master the 
series of problems, regardless of recovery time, while the 
animals with Sm1+2 lesions took much longer than this 
whether given weeks, months, or years to recover. In fact, 
few Sm1+2 rats even completed the tactile battery. The fig- 
ure also shows that rats with Sm-1 lesions were markedly 
impaired relative to the sham operated rats when given 1 
year or less for recovery, but that with 2 years for recovery, 
the total scores of these two groups were directly compara- 
ble. The animals with Sm-2 lesions also showed severe defi- 
cits after surgery, but in this case the animals appeared to 
recover between 6 months and 1 year, after which their 
scores closely resembled those of the control animals. 

A 4 (surgical groups) x 6 (recovery periods) x 5 (tactile 
discriminations) analysis of variance was conducted to con- 
firm these observations. The repeated measures ANOVA 
(with df corrected for estimated scores) revealed a significant 
difference among the surgical groups, F(3,175)=28.75, 
p<0.0001, a significant main effect of recovery time, 
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FIG. 1. Mean days to criterion as a function of surgical condition and recovery time. Horizontal lines in columns signify each of the 5 tactile 
discriminations. The number in brackets at the base of each column is the number of rats starting on a problem, and that just below each 
horizontal line within a column is the number meeting criterion within 40 days. Rats that did not learn were assigned conservative maximum 
scores (43 days to criterion) on that problem and on subsequent problems to which the animals did not advance (see text). Sh=Sham 


operation; 1=Sm-1 lesions; 2=Sm-2 lesions; 1+2=Sm1+2 lesions. 


F(5,175)=2.83, p<0.02, and a significant task effect, 
F(4,544)=29.95, p<0.0001. The ANOVA also revealed sig- 
nificant interactions between task and recovery time, 
F(20,544)=1.74, p<0.05, and task, surgical group and re- 
covery time, F(60,544)=1.84, p<0.01. The task by surgical 
group interaction fell on the borderline of significance, 
F(12,544)=1.76, p<0.051, and the simple interaction be- 
tween surgical group and recovery time (without the task 
variable) was not statistically significant, F(15,175)=1.08, 
p>0.05. 

Scheffé tests were used to analyze the main effects 
further, and these analyses revealed overall group differ- 
ences between rats with Sm-1 or Sm1+2 lesions and the 
sham operated group. Owing to the good scores of the Sm-2 
animals in the two longer recovery periods, the Sm-2 versus 
sham group comparison fell short of being statistically signif- 
icant. 


Additional Scheffé tests comparing individual recovery 
periods did not reveal any simple recovery period effects 
although two of the four groups clearly performed better 
with lengthy recovery periods. (Groups Sm-1 and Sm-2 
seemed to show the treatest improvement over time on the 
fifth discrimination, but it was not possible to do Scheffé 
tests on each of the higher order interaction effects.) Finally, 
it was found that tasks | and 5 took significantly more trials 
for mastery than 2, 3 or 4. This was expected since problem | 
was the first experience that the rats had with the maze and 
tactile problems, and since problem 5 had by far the least 
physical separation between the stimuli, making it especially 
difficult even after learning sets had been established. 

Lesions representative of those displayed by the rats in 
this study are presented in Fig. 2. The new rats with lesions 
of Sm1+2 were directly comparable to those sustaining these 
lesions in the study of Finger and Reyes [7]. The Sm-1 and 
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Sm-2 lesions were also found to be like those reported previ- 
ously [4], and severely (often completely) damaged the target 
area on both sides of the brain in every case. Although the 
lesions sometimes damaged the corpus callosum, the hip- 
pocampus and dorsal thalamic structures always were 
spared, and there was no evidence that subcortical damage 
altered the behavior and recovery of the affected rats. Heavy 
degeneration was noted in the ventrobasal area of the 
thalamus in those animals with Sm1+2 lesions; somewhat 
lighter degeneration was seen when the lesions were re- 
stricted to Sm-1; and only light degeneration was observed in 
this region after Sm-2 lesions. However, efforts were not 
made to quantify these general observations. 


DISCUSSION 


In an earlier study from this laboratory [7] it was observed 
that rats with total or near-total lesions of the sensorimotor 
cortex (Sm1+2) showed severe deficits in acquiring a series 
of ridge-smooth tactile discriminations relative to animals 
with sham operations even after very lengthy recovery 
periods. On the basis of the data collected in the present 
study, it can now be added that this is not the case when 
bilateral lesions are restricted to just Sm-1 or to just Sm-2. 
With these subtotal sensorimotor cortex lesions there are 
still pronounced deficits in tactile habit learning after 
surgery, but these deficits do seem to diminish with lengthy 
home cage recovery periods. In short, rats with bilateral 
sparing of just one of the sensorimotor cortical areas ob- 
tained scores within the sham operated group range when 
given | year (Sm-2) or 2 years (Sm-1) for recovery. 

The fact that there may be good recovery (at least as 
defined by trials to criterion) after large lesions of just Sm-1 
or Sm-2, and no evidence for symptom remission after com- 
bined Sm1+2 lesions, suggests that under the conditions of 
this study the capacity for restitution is not unlimited, but 
rather that it is dependent upon the integrity of healthy, re- 
maining fragments of the damaged cortical sensorimotor sys- 
tem (see also [8]). In this experiment, where the lesions 
seemed to encompass nearly all of Sm-1 or nearly all of 
Sm-2, it seems reasonable to hypothesize that Sm-2 is play- 
ing a major role in mediating behavior after lesions of Sm-1, 
and that Sm-1 can guide tactile learning in the absence of 
Sm-2. Nevertheless, the precise contributions that these 
areas are making to tactile discriminative behavior under 
even normal circumstances are not very well understood. 
Some authors [12, 17, 18] have reported that Sm-2 lesions in 
cats and dogs seem to impair the appreciation of passively- 
received tactile stimuli, while Sm-1 lesions are more de- 
leterious on tasks requiring palpation and tactile exploration. 
However, the observation that tactile performance deficits, 
even after Sm1 +2 lesions, are often less severe if extensive 
training is permitted prior to surgery [6,24], and reports that 
these lesions can impair reversal learning with tactile stimuli 
[13] as well as simple maze learning [14], would suggest that 
sensorimotor cortical lesions can be affecting more than just 
simple sensory and/or motor processes. In any event, these 
findings seem to support the general observations that le- 
sions of the individual sensorimotor areas typically are as- 
sociated with less severe effects than lesions of Sm1+2 to- 
gether, and that after subtotal lesions of the sensorimotor 
cortex there usually is some relearning or recovery [19]. 

In the absence of firm knowledge about the precise roles 
of the sensorimotor areas, it is not possible to state with any 
degree of assurance why the animals with Sm-1 and Sm-2 
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FIG. 2. Lesions representative of those displayed by rats in groups 
Sm-1, Sm-2 and Sm1+2, respectively. 


lesions eventually showed their normal learning scores. 
Thus, it might be hypothesized that the *‘functions’’ of these 
two areas may not really be discrete and, because each may 
be doing some of the same things, the observed restitution 
could reflect nothing more than a return to a normal mode of 
operation in the spared zone. In a recent review of lesion 
research involving the somatosensory system, Norrsell [19] 
noted that the multiple representation of the body in each 
hemisphere, and the good recovery that is often witnessed 
after subtotal lesions of the somatosensory areas and path- 
ways, have always led investigators to ask whether 
there is ‘‘redundancy”’ in this system. In engineering and 
related disciplines, redundancy or a duplication of parts for 
safety, is a viable concept. However, whether this notion 
describes multiple representations in the central nervous 
system must be questioned on the grounds that brain damage 
and survival from severe head injuries probably occurred too 
infrequently to confer a significant selective advantage on 
those organisms whose brain parts had duplicates. 
Moreover, in primates, where head size can already pose 
serious problems at the time of birth, it would be contradic- 
tory to conclude that the brain is rapidly enlarging simply to 





RECOVERY FROM CORTICAL LESIONS 


protect itself from future damage. At the cortical level, as 
well as at other levels of the somatosensory system, the 
characteristics of single units encountered, while having 
some similarities, also have their differences. This would 
suggest that these areas are not mere replicas of each other, 
but rather that they are contributing in different ways toward 
adaptive behavior. Thus, if there appears to be some redun- 
dancy at the level of the sensorimotor cortex, it may only be, 
as Norrsell ([19], p. 349) has stated, ‘‘for simple functions”’ 
in ‘‘a system constructed for higher specifications.”’ 

If the two cortical sensorimotor areas are in fact different 
anatomically and physiologically, there would be reason to 
believe that one might only be capable of acting as an imper- 
fect substitute for the other when there is brain damage. If 
this is the case, and if the two areas are not simply duplica- 
tions, it might be theorized that following damage to one 
area, new strategies must be mastered before the remaining 
area can mediate rapid tactile learning—strategies such as 
rubbing a stimulus a bit harder, positioning the sensory appa- 
ratus differently, or using one set of receptors rather than 
another at the choice point in the maze (e.g., vibrissae recep- 
tors as opposed to forepaws). Much has been written about 
compensatory reactions following brain damage [9]. Unfor- 
tunately, films were not made of the rats as they ran the 
maze in the present study to test some of these ideas di- 
rectly. Nevertheless, others have shown that rats can shift 
from one set of receptors to another, or from one set of 
muscles to another, when traversing ladders or running on 
narrow paths after lesions involving some of Sm-1 (e.g., 
{11}). Such studies suggest that compensatory reactions 
could underlie the discriminative learning that was observed 
in this study. 

Of the various theories of recovery, the one that may be 
least applicable to the present experiment, and perhaps the 
most difficult to evaluate, is the theory of vicariation. Vic- 
ariation theory would imply that the individual sensorimotor 
areas could take on new and different functions after brain 
damage; i.e., that Sm-1 could acquire or ‘‘take over’’ the 
functions of Sm-2, and vice-versa, after brain lesions. This 
theory has been severely challenged in recent years, espe- 
cially when applied to subjects who experience brain damage 
at maturity [2,15]. Although the concept of vicariation may 
have some support in studies of neonates, even with subjects 
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sustaining brain lesions early in life the tests used to assess 
vicariation (e.g., multiple lesions) have been indirect, and as 
a result, the data that are usually cited to support vicariation 
theory can also be interpreted in other ways [9]. 

The present findings not only raise the question of why 
the animals with brain damage restricted to the individual 
sensorimotor cortical areas showed normal learning scores, 
but bring forth the equally perplexing issue of why they did 
so only after such a long period of time had elapsed. Al- 
though neural shock, edema and other *‘secondary changes”’ 
in the central nervous system might be found after lesions 
like these [21], these events would be expected to be com- 
pleted, to dissipate, or at least to stabilize within a few 
weeks. Much longer periods of time, however, were required 
before the performance scores of rats with Sm-1 and Sm-2 
lesions dropped into the control group range. Here, too, if 
more were known about the functions of the individual sen- 
sorimotor cortical areas it might be possible to come to some 
conclusions about the significance of these unexpectedly 
long delays. Nevertheless, it should be pointed out that it is 
not correct to assume that all of the recovery that is going to 
occur will be seen in the period soon after the damage. While 
this typically is the case, there are instances where the time 
course for recovery can be much longer. For example, ver- 
bal learning scores may not return to control levels until 5 
years after temporal lobe excisions in man [1], and some 
neurological and psychometric deficits displayed by soldiers 
after gunshot wounds of the head may take even more time 
than this for remission [22,23]. 

Still, the fact that there is remission of symptoms, or at 
least rapid tactile learning, after subtotal sensorimotor cor- 
tex lesions of rapid onset would suggest that there may be 
ways to speed the recovery process in such cases. In this 
context one might ask whether animals with Sm-1 and Sm-2 
lesions would have taken as long as they did to achieve 
control-like scores if testing started soon after surgery were 
continued without regard for the 40 day time limit per prob- 
lem. Another interesting but unanswered question is whether 
increased tactile stimulation and forced usage of the sen- 
sorimotor system would improve the poor performance 
scores displayed by these animals in the absence of lengthy 
recovery periods. 
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YAMAMOTO, T., T. KATO, R. MATSUO, N. ARAIE, S. AZUMA AND Y. KAWAMURA. Gustatory reaction time 
under variable stimulus parameters in human adults. PHYSIOL. BEHAV. 29(1) 79-84, 1982.—Reaction times and 
perceived intensities for NaCl solutions were measured in sixteen human adults. Stimulus delivery was by means of a 
circular piece of solution-soaked filter paper held with forceps. The reaction time (T) decreased and the perceived intensity 
(S) increased with increasing the concentration (C) of NaCl solution applied to a fixed (78.5 mm*) tongue area. The 
comprehensive relations among T, S and C can be expressed by the following formulae; T=a+b/log(C/C,), 
T=p+q/log(S/S,), and logS=mlogC +logn, where a, b, p, q, m, n=constants, and S, indicates the perceived intensity at the 
threshold concentration (C,). Meanwhile, the reaction time decreased and the perceived intensity increased with increasing 
the stimulated area (A) under a fixed (1.0 M) concentration of NaCl solution. The relations among T, S and A can also be 
expressed by the following equations; T=a’+b’/log(A/A,), T=p’+q‘/log(S/S,), and logS=m'logA+logn’, where a’, b’, p’, 


q', m’, n’=constants, and A, indicates the threshold size of stimulated area. 


Taste Sensation Reaction time 


Psychophysical scaling 





IN our recent studies [10,11] on gustatory reaction time, we 
have reported that the relationship between the reaction time 
and the stimulus intensity is described by a rectangular 
hyperbola for each of the four basic tastes (sucrose, NaCl, 
tartaric acid and quinine-HCl solutions) and electrical taste. 
This equation, however, is not always consistent with that 
reported by previous workers [1,4]. Therefore, the present 
study aims to measure taste reaction times precisely under 
well controlled conditions to reexamine the possible interre- 
lationships between reaction times and stimulus parameters. 

For this purpose, two experiments were performed in the 
present study; one was to measure reaction times from near 
threshold concentration up to very high concentration of 
NaCl solutions applied to a definite area of the tongue, and 
the other to measure reaction times to a fixed concentration 
of NaCl solution applied to varying sizes of the area on the 
tongue surface. Besides the reaction time measurement, 
psychophysical estimation of the taste intensity was also per- 
formed in each human subject to study the interrelationship 
between the reaction time and the perceived intensity as 
well. 


METHOD 
General Procedure 


A total of 16 healthy Japanese university students (21 to 
26 years old, 2 female and 14 male) was examined. Studies 
were performed between 2:00 and 4:00 p.m. Subjects were 
non-smokers and did not eat for at least 1 hr prior to the test. 





All subjects were informed in advance the purpose of the 
study and were initially familiarized with the experimental 
procedures. Various concentrations (0.05, 0.1, 0.25, 0.5, 1.0 
and 2.0 M) of freshly prepared NaCl (reagent grade) solu- 
tions made up with distilled water (specific conductivity < 
5x 10-7 mhos/cm) were used for chemical stimuli. Tempera- 
ture of the liquids and ambient temperature were around 
24°C. 

Stimulus delivery was similar to that described by Gent 
and McBurney [2]. Circular pieces of Whatman grade No. | 
chromatography paper were saturated with the NaCl solu- 
tions which had been put in individual containers. The filter 
paper was drained off excess solution by tapping the edge 
against a paper towel. The stimulus was then placed on the 
tongue with stainless steel forceps. The subject rinsed his 
mouth with distilled water, then patted the excess moisture 
off of his tongue with a paper towel after the anterior part of 
his tongue was extended through closed lips to avoid con- 
tamination with the saliva. A point 1.5 cm from the tip and 
0.8 cm from the lateral edge on the left side of the tongue was 
marked by methylene blue before beginning the experi- 
mental trials. An experimenter put a piece of circular paper 
on the tongue quietly but quickly so that the center of the 
paper was just on this landmark. 

To monitor the first contact of the solution of the tongue 
surface, a drinkometer was used. A lead wire was attached 
to the forceps, and a stainless steel round plate (3 cm in 
diameter) was attached to one hand of the subject. The lead 
wire and the round plate were led to the drinkometer. At the 
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moment when the filter paper soaked in the liquid, held by 
forceps, was placed on the subject’s tongue, a small sine 
wave current (1 «A, 5 kHz) passed through the body and the 
equipment generated a single electric pulse. This pulse 
started a custom-made electronic digital clock readable to | 
msec. Subjects were seated comfortably on a chair with their 
eyes closed and were requested to push a button held in their 
right hand as soon as they recognized the taste. The signal 
from the push-botton stopped the electronic clock. After 
each measurement subjects rinsed the mouth well with distil- 
led water until they felt no taste sensation. 


Experiment 1 


Reaction time was measured in 7 subjects (1 female and 6 
male), when the six concentrations of NaCl were applied to a 
constant area of the tongue by means of a circular filter paper 
(10 mm in diameter, or 78.5 mm® in area). Solutions were 
delivered randomly, and reaction times for a subject were 
obtained as a mean of 5 trials for each stimulus. Apart from 
reaction time measurement, the same subjects were served 
for psychophysical magnitude estimation of the solution's 
intensity. Magnitude estimation was based on the following 
direct scaling procedure. The subjects were instructed to 
assign any integral number that seemed appropriate to the 
taste intensity of the test solution when the intensity of the 
standard solution (0.5 M NaCl) is set to 10. Thus, if a test 
solution tastes twice as strong as the standard stimulus, the 
subjects assign a number 20, and if it tastes half as strong, 
then they give it a number 5. Test stimuli were applied ran- 
domly, and between each presentation of the test stimulus 
the standard solution was interposed. Mouth was rinsed after 
each stimulation. The perceived intensity for a subject was 
obtained as a mean of 5 trials for each stimulus. 


Experiment 2 


Reaction time was measured in 9 subjects (1 female and 8 
male), when 10 sizes of circular filter papers (2.0, 2.5, 3.0, 
4.0, 5.0, 6.0, 7.5, 10.0, 12.0, and 15.0 mm in diameter or 3.1, 
4.9, 7.1, 12.6, 19.6, 28.3, 44.2, 78.5, 113.0 and 176.6 mm? in 
area) soaked in 1.0 M NaCl solution were placed on the 
tongue. Stimuli were applied randomly, and reaction times 
for a subject were obtained as a mean of 3 trials for each 
stimulus. The same subjects were also tested for magnitude 
estimations of the solution’s intensity. The scaling procedure 
was essentially similar to that written in Experiment | except 
a few points, i.e., the standard stimulus was 1.0 M NaCl with 
a size of 19.6 mm? (5 mm in diameter) and the perceived 
intensity for a subject were obtained as a mean of 3 trials for 
each stimulus. 


RESULTS 


Relationship Between Reaction Time and Concentration 
Under a Constant Area* 


The mean reaction times to 6 concentrations of NaCl so- 
lutions under a constant area (78.5 mm?) are plotted against 
the concentration in Fig. 1-A. The actual mean + SEM val- 
ues are listed in Table 1. If the relationship between the 
reaction time (T) in msec and the concentration (C) in molar- 
ity can be described by an equation of rectangular hyperbola 
as proposed in our previous paper [11], the relationship can 
be described by the equation, T=800+72/C, where the con- 
stants were determined by the regression line for the plots of 
T against 1/C. 
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FIG. 1. Mean reaction times to varying concentrations of NaCl so- 
lutions under a fixed area (78.5 mm?). In the left graph, the line is 
drawn by the equation, T=800+72/C, where T=reaction time, 
C=concentration. In the right graph, the lines are by the equations, 
T=852—820logC and T=131+1436/log(C/0.01), respectively. 


In Fig. 1-B, the mean reaction times are also plotted 
against the logarithm of the concentration. If T is reversely 
proportional to logC as suggested by Hara [4], the T-C rela- 
tionship can be described by the equation, T=852—820logC, 
where the constants were determined by the regression line 
for the plots of T against logC. We, in the next step, hypoth- 
esized that the reaction time could be described by an equa- 
tion of rectangular hyperbola between T and logC instead of 
T and C. This idea came by visual inspection of the plottings 
in Fig. 2-B. In this case, however, an asymptote against the 
ordinate must be determined. The threshold concentration 
was taken for the asymptote for convenience in this study. In 
our pilot study, about half of the subjects could not recognize 
the taste of 0.01 M NaCl (when the stimulated area was 78.5 
mm 7), therefore, the value 0.01 was chosen as a threshold 
concentration. Thus, the equation, T= 131+ 1436/log(C/0.01), 
was determined. The constants were obtained by the regres- 
sion line for the plots of T against 1/log(C/0.01). 

The reaction times calculated from the above-mentioned 
three equations are summarized in Table |. The time differ- 
ences between the observed and calculated reaction times 
are shown in the parentheses. As indicated by these time 
differences and the mean time difference for each equation, 
both rectangular hyperbolae fit very well to the actual reac- 
tion times. 


Relationship Between Reaction Time and Perceived 
Intensity Under Constant Area and Variable Concentration 


The mean reaction times to six concentrations of NaCl 
solutions presented with a constant (78.5 mm?) area of filter 
paper are plotted against the mean perceived intensities of 
these salt solutions in Fig. 2-A, and against the logarithm of 
them in Fig. 2-B. The actual mean + SEM values for the 
psychophysical estimates are listed in Table 2. 

As shown in Fig. 2-A, observed reaction times fit very 
well to the rectangular hyperbola drawn by the equation, 
T=571+4308/S, where S is perceived intensity. In the graph 
of Fig. 2-B, two lines are drawn following the two experi- 
mental formulae, T=2663—1550logS, and T=121+886/logS. 

The reaction times calculated from the above-mentioned 
three equations are summarized in Table 2. As indicated by 
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TABLE 1 


OBSERVED AND CALCULATED REACTION TIMES TO VARYING CONCENTRATIONS OF 
NaCl WHEN THE STIMULATED AREA WAS 78.5 mm* 





Reaction time (msec) 


Concentration 


Observed* Calculated* Calculated? Calculated# 





1919 (329) 
1517 (35) 1672 (190) 
1087 (15) 1346 (274) 
944 (88) 1099 (67) 
872 (3) 852 (17) 849 (20) 
836 (48) 605 (183) 755 (33) 
34 + 13 177 + 49 57 + il 


2185 (63) 
1567 (85) 
1158 (86) 
976 (56) 


2248 + 158 
1482 
1072 


2234 (14) 


1032 

869 

2.0 788 + 
Mean + SEM difference 


+ It I+ I+ I+ 
onu ~ 





*Observed reaction time is mean + SEM (n=7). 

*Calculation was based on the equation, T=800+72/C. 

tCalculation was based on the equation, T=852—820 logC. 

#Calculation was based on the equation, T= 131+1436/log(C/0.01). 

Numerals in parentheses indicate the time difference between observed and calculated 
reaction times. 


TABLE 2 


OBSERVED AND CALCULATED REACTION TIMES AT 
VARYING PERCEIVED INTENSITIES 





Reaction time (msec) 


Perceived 


intensity* Observed? Calculatedt Calculated # Calculated** 





2.6 + 0.7 2248 + 158 2228 (20) 2020 (228) 2256 (8) 
4.6 + 1.2 1482 + 137 1508 (26) 1636 (154) 1458 (24) 
7.9 + 0.8 1072 96 1116 (44) 1272 (200) 1108 (36) 
10.0 1032 65 1002 (30) 1113 (81) 1007 (25) 

15.0 + 1.8 869 87 858 (11) 840 (29) 874 (5) 


21.0 + 2.6 788 79 776 (12) 614 (174) 791 (3) 
Mean + SEM difference 17 +6 


i+ 


i+ I+ I+ It 


24+ 5 144 + 31 





Numerals in parentheses indicate the time difference between observed and 
calculated reaction times. 

*Perceived intensity is mean + SEM (n=7). The value listed from the top to the 
bottom was obtained when the stimulus was 0.05, 0.1, 0.25, 0.5, 1.0 and 2.0 M 
NaCl, respectively. The stimulated area was 78.5 mm’. 

*tObserved reaction time is mean + SEM (n=7). 

¢Calculation was based on the equation, T=571+4308/S. 

#Calculation was based on the equation, T=2663-— 1550 logS. 

**Calculation was based on the equation, T= 121 +886/logS. 


the time differences between the observed and calculated 
reaction times, both rectangular hyperbolae fit very well to 
the actual reaction times. 


Relationship Between Reaction Time and Stimulated Area 
Under a Constant Concentration 


The mean reaction times to a constant concentration (1.0 
M) of NaCl under 10 different stimulated areas are shown in 
Fig. 3-A. The actual mean + SEM values are listed in Table 
3. The relationship between the reaction time in msec and 


the area (A) in mm? can be described by the equation of 
rectangular hyperbola, T=735+4216/A. 

In Fig. 3-B, the mean reaction times are also plotted 
against the logarithm of the area. The relationship between T 
and logA is expressed following the two equations in Fig. 
3-B, i.e., T=2020-—666logA, and T=316+870/logA. For the 
latter equation, an asymptote against the ordinate is taken as 
1, since about half of the subjects could not recognize the 
taste of 1.0 M NaCl delivered by means of a | mm’ filter 


paper. 
The reaction times obtained from the above-mentioned 
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FIG. 2. Mean reaction times plotted against the mean perceived 
intensities of varying concentrations of NaCl under a fixed area (78.5 
mm’). In the left graph, the line is drawn by the equation, 
T=571+4308/S, where T is reaction time, S=perceived intensity. In 
the right graph, the lines are by the equations, T=2663—1550logS 
and T=121+886/logS, respectively. 
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FIG. 3. Mean reaction times to a fixed concentration (1.0 M) of NaCl 
under varying stimulated areas. In the left graph, the line is drawn 
by the equation, T=735+4216/A, where T=reaction time, 
A=stimulated area. In the right graph, the lines are by the equations, 
T=2020—666logA and T=316+870/logA, respectively. 


three equations are compared with the observed ones in 
Table 3. As indicated by the time differences between the 
observed and calculated reaction times, both rectangular 
hyperbolae fit very well to the actual reaction times. 


Relationship Between Reaction Time and Perceived 
Intensity Under Constant Concentration and Variable Area 


The mean reaction times to 1.0 M NaCl are plotted 
against the mean perceived intensities of this solution deliv- 
ered by means of 10 different sizes of filter paper in Fig. 4-A, 
and against the logarithm of the mean perceived intensities in 
Fig. 4-B. The actual mean + SEM values for the 
psychophysical estimate are listed in Table 4. 

As shown in Fig. 4-A, observed reaction times fit very 
well to the rectangular hyperbola drawn by the equation, 
T=579+3983/S. In the graph of Fig. 4-B, two lines are drawn 
following the two experimental formulae, T=2275 
—116llogS, and T=142+840/logS. 

The reaction times calculated from the above-mentioned 
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TABLE 3 


OBSERVED AND CALCULATED REACTION TIMES TO 1.0 M NaCl 
APPLIED TO VARYING SIZES OF THE TONGUE AREA 





Reaction time (msec) 


Area 


(mm?) Observed* Calculated+ Calculatedi Calculated# 





2067 (15) 
1575 (37) 
1340 (79) 


331 2078 (4) 
204 1594 (18) 
123 1331 (70) 
1070 (9) 
950 (52) 


1689 (393) 
1560 (52) 
1454 (193) 
1288 (209) 1108 (29) 
1159 (157) 989 (13) 
884 (22) 1054 (148) 915 (9) 
830 (70) 924 (24) 845 (55) 
789 (20) 758 (11) 775 (6) 
772 (42) 653 (77) 740 (10) 
759 (44) 523 (192) 703 (12) 


3.1 2082 
4.9 1612 
7.1 1261 
12.6 1079 
19.6 1002 + 
28.3 906+ 
44.2 900+ 
78.5 769 
113.0 730 
176.6 715 


Mean + SEM 
difference 


I+ I+ I+ I+ 


35 +8 146 + 36 27+8 





Numerals in parentheses indicate the time difference between ob- 
served and calculated reaction times. 

*Observed reaction time is mean + SEM (n=9). 

*Calculation was based on the equation, T=735+4216/A. 

¢Calculation was based on the equation, T=2020—666 logA. 

#Calculation was based on the equation, T=316+870/logA. 
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FIG. 4. Mean reaction times plotted against the mean perceived 
intensities of a fixed (1.0 M) concentration of NaCl under varying 
stimulated areas. In the left graph, the line is drawn by the equation, 
T=579+3983/S, where T=reaction time, S=perceived intensity. In 
the right graph, the lines are by equations, T=2275—116llogS and 
T=142+840llogS, respectively. 


three equations are summarized in Table 4. As indicated by 
the time differences between the observed and calculated 
reaction times, both rectangular hyperbolae fit very well to 
the actual reaction times. 


Relationship Between Perceived Intensity and Stimulus 
Parameters 


In Fig. 5-A, the perceived intensity is plotted against con- 
centration of NaCl solutions (stimulated area =78.5 mm?) in 
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TABLE 4 


OBSERVED AND CALCULATED REACTION TIMES AT 
VARYING PERCEIVED INTENSITIES 





Reaction time (msec) 


Perceived 


intensity* Observed? Calculated? Calculated# Calculated** 





2.7 + 0.6 2082 + 331 
3.9 + 0.6 1612 + 204 
5.3 + 0.7 1261 + 123 1331 (70) 1434 (173) 
7.3 + 0.6 1125 (46) 1273 (194) 
10.0 977 (25) 1114 (112) 
12.9 + 1.1 888 (18) 986 (80) 
13.9 + 0.8 866 (34) 948 (48) 
20.8 + 2.2 770 (1) 745 (24) 
25.6 + 4.5 . 735 (5) 640 (90) 738 (8) 
30.8 + 6.4 5 708 (7) 547 (168) 706 (9) 


Mean + SEM difference 25 +7 122 + 28 21+ 5 


2054 (28) 1774 (308) 
1600 (12) 1589 (23) 


2089 (7) 
1563 (49) 
1302 (41) 
1115 (36) 
982 (20) 
898 (8) 
877 (23) 
779 (10) 





Numerals in parentheses indicate the time difference between observed and 
calculated reaction times. 

*Perceived intensity is mean + SEM (n=9). The value listed from the top to the 
bottom was obtained when the stimulated area was 3.1, 4.9, 7.1, 12.6, 19.6, 28.3, 
44.2, 78.5, 113.0 and 176.6 mm?, respectively. The stimulus solution was 1.0 M 
NaCl. 

*+Observed reaction time is mean + SEM (n=9). 

¢Calculation was based on the equation, T=579+3983/S. 

#Calculation was based on the equation, T=2275—1161 logS. 

**Calculation was based on the equation, T=142+840/logS. 


ny @ 
oo 


_ 
° 


ny @ 


Perceived intensity 
a 

















0.05 0.1 0.25 0.5 1 2 50 100 200 
Concentration (mM) (mm’*) 


log § = n-log C + logm 


FIG. 5. Perceived intensities plotted against concentrations of NaCl 
solutions (stimulated area=78.5 mm?) and stimulated area (concen- 
tration=1.0 M) in log-log scale. The straight lines are drawn by 
equations, S=1.177C°**’, where S=perceived intensity and 
C=concentration, and S=0.195 C°*, where A=stimulated area, 
respectively. 
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log-log co-ordinates. As indicated in the graph, a straight line aimee 


is very nicely fitted to the psychophysical responses (corre- 
lation coefficient, r=0.994). A simple power function 
S=mC", with m=1.177 and n=0.547 describes the relation. 
Figure 5-B shows the perceived intensity plotted against the 


Concentration (log) Concentration (log) 


FIG. 6. Summary of interrelationships among reaction time (T) per- 


stimulated area (concentration of NaCl=1.0 M) in log-log 
co-ordinates (r=0.995). Similarly, a straight line expressed 
by a simple power function S=mA", with m=0.195 and 
n=0.593 is fitted to the psychophysical responses. 


ceived intensity (S) and concentration (C). T,,;,=minimum reaction 
time, S,=perceived intensity of threshold concentration (C,) of 
solution, Thres = threshold concentration, max=actual maximum 
concentration, and a, b, m, n=constants. 





DISCUSSION 


The overall reaction times obtained in this study were 
longer than those reported in our previous study [11], espe- 
cially at a low concentration, i.e., about 2250 msec to 0.5 M 
NaCl in this study vs. about 1000 msec to 0.25 M NaCl in the 
previous study. Since Holway and Hurvich [5] have reported 
that increased hydrostatic pressure of the solution against 
the tongue surface decreases reaction time, this discrepancy 
may largely be attributed to the difference of stimulation 
method. In the previous study, we applied 3 ml of NaCl 
solution over the anterior part of the tongue with a flow rate 
of about 10 ml/sec, while a small filter paper soaked in NaCl 
solution was put quietly on the tongue in the present study. 

The relationship between the reaction time (T) and the 
stimulus concentration (C) for salty taste was found to be 
expressed by either the following two equations of 
rectangular hyperbola; T=a+b/C, or T=a+b/log(C/C,), 
where a, b=constants, and C,=threshold concentration. 
Such T-C relationship has already been suggested by Bujas 
[1] and Yamamoto and Kawamura [11], although they did 
not use the logarithm of concentration. Concerning the rela- 
tionships between T and the stimulated area (A) and between 
T and the psychophysical estimate of perceived taste inten- 
sity (S), essentially the same equation was found to be valid, 
if C is replaced by A or S and C, by A, (threshold area) or S, 
(threshold perceived intensity) respectively in the aforemen- 
tioned experimental formulae. 

On the other hand, Hara [4] showed somewhat different 
relations between T and C and between T and A, i.e., 
T=a—blogC, and T=a—bA (a, b=constants). The reason for 
the difference between the results obtained by us and by 


Hara may be attributed to the range of stimulus parameters. 
He used the concentration range from 0.18 to 0.5 M of NaCl 
solution delivered by 3x3 mm’ filter paper, whereas we used 
more wide range from 0.05 to 2.0 M under larger stimulated 
area (78.5 mm’). Moreover, he employed the stimulated area 
ranging from 1.51.5 to 3.5X3.5 mm? using the salt concen- 
tration fixed at a little over-threshold (actual value not de- 
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scribed), whereas the area varied from 3.1 to 176.6 mm? 
using 1.0 M NaCl in the present study. Within the limited 
ranges of stimulus parameters as were used by Hara, his 
equations may express T-C and T-A relations successfully. 
However, they were not valid for wide ranges of stimulus 
parameters. 

It is well known [7] that psychophysical functions for 
taste, like those for other sensory modalities, tend to be 
power functions, S=mC" [9], where S=perceived intensity, 
C=concentration and m, n=constants. If the log is taken of 
each side of the formula, then logS=nlogC +logm, which is 
the formula for a straight line of slope n. Meiselman [6] has 
reported that exponents (or slopes) differ greatly depending 
on the procedure for stimulus presentation, i.e., a sip proce- 
dure, a whole mouth flow, a dorsal tongue flow or a dorsal 
tongue flow to a small area. In the present study, the re- 
lations between psychophysical estimates and stimulus 
parameters fit very well to power functions, and n was about 
a half of unity; 0.547 for S-C relation and 0.593 for S-A 
relation. The exponent, 0.547, is similar to that reported by 
Smith (n=0.49) [8] and Feallock (n=0.44) [2] who also stimu- 
lated a moderately small area with NaCl solutions. 

A conclusion of the present study is schematically shown 
in Fig. 6, in which the experimental formulae among T, S and 
C are summarized. In order to explain the relations among T, 
S and C comprehensively, logC or logS have to be employed 
instead of C or S in the equation of rectangular hyperbola. 
From either two formulae shown in Fig. 6, the rest can be led 
theoretically. A graphical representation of the formulae be- 
tween T and C and between S and C is schematically illus- 
trated in Fig. 6. The minimum reaction time (T,,;,) can be 
predicted if C is indefinitely great. However, there exists a 
maximum (max) concentration practically. If C equals the 
threshold concentration (C,), T will be indefinite. Since this 
is not the case, C, should be replaced by a value a little below 
the actual threshold concentration in the strict sense. For the 
interrelations among T, S and A, the same formulae are valid 
if C and C, are replaced by A and A,, respectively. 


REFERENCES 


. Bujas, A. Le temps d'action des stimuli de la sensibilité gusta- 
tive. C. r. Séanc. Soc. Biol. 116: 1307-1309, 1934. 

. Feallock, J. B. Estimated magnitudes of taste under improved 
conditions of stimulus control. Unpublished doctoral thesis, 
University of Virginia, 1966. (Cited by Meiselman, 1971.) 

. Gent, J. F. and D. H. McBurney. Time course of gustatory 
adaptation. Percept. Psychophys. 23: 171-175, 1978. 

. Hara, S. Interrelationships between stimulus intensity, stimu- 
lated areas, and reaction times in human gustatory sensation. 
Bull. Tokyo med. dent. Univ. 2: 147-158, 1955. 

. Holway, A. H. and L. M. Hurvich. On the psychophysics of 
taste. I. Pressure and area as variants. J. exp. Psychol. 23: 
191-198, 1938. 

. Meiselman, H. L. Effect of presentation procedure on taste 
intensity functions. Percept. Psychophys. 10: 15-18, 1971. 


7. Pfaffmann, C. and D. H. McBurney. Taste psychophysics. In: 
Handbook of Sensory Physiology, vol. 4, Chemical Senses, Pt. 
2, Taste, edited by L. M. Beidler. Berlin: Springer-Verlag, 1971, 
pp. 75-101. 

. Smith, D. The effect of area of stimulation on the intensity of 
human gustatory responses. Unpublished doctoral thesis, Uni- 
versity of Pittsburgh, 1969. (Cited by Meiselman, 1971.) 

. Stevens, S. S. On the psychophysical law. Psychol. Rev. 64: 
153-181, 1957. 

. Yamamoto, T., T. Kosugi, R. Matsuo and Y. Kawamura. On 
the reaction time to electric taste. Jap. Symp. Taste Smell 12: 
45-48, 1978. 

. Yamamoto, T. and Y. Kawamura. Gustatory reaction time in 
human adults. Physiol. Behav. 26: 715-719, 1981. 





Physiology & Behavior, Vol. 29, pp. 85-90. Pergamon Press, 1982. Printed in the U.S.A. 


Agonistic Behaviour in Rats: Evidence for 
Non-Involvement of Opioid Mechanisms 


R. J. RODGERS AND C. A. HENDRIE 
Postgraduate School of Psychology, University of Bradford, Bradford BD7 1DP, England 


Received 5 October 1981 


RODGERS, R. J. AND C. A. HENDRIE. Agonistic behaviour in rats: Evidence for non-involvement of opioid mech- 
anisms. PHYSIOL. BEHAV. 29(1) 85-90, 1982.—It has recently been proposed that a stress-activated, endogenous 
analgesia mechanism would be adaptive in situations in which pain perception might otherwise disrupt effective be- 
havioural performance. In a semi-natural test situation, the current study examined two predictions arising from this 
hypothesis: (1) in a manner analogous to other stressors, agonistic experience should produce analgesia and, if naloxone- 
sensitive opioid mechanisms are implicated, then (2) pretreatment with naloxone should block the development of this 
response and alter the displayed behaviour patterns. Neither prediction was substantiated by the data. Experience of an 
agonistic encounter failed to produce analgesia in either resident or intruder animals. Furthermore, naloxone hydrochloride 
(1-25 mg/kg) was also without effect on patterns of offense or defense. Data are discussed in relation to the critical nature of 
the stimulus factors involved in the activation of endogenous analgesic mechanisms and the postulated involvement of such 


mechanisms in biologically-adaptive behaviours. 


Naloxone Offense Defense Analgesia 


Endorphins 





DESPITE a vast literature on the biochemistry and phar- 
macology of the opioid peptides (the endorphins), their be- 
havioural functions remain relatively poorly understood [26]. 
Nevertheless, the existence of an endogenous analgesia 
mechanism [2, 4, 20] has provoked considerable speculation 
concerning it’s adaptive significance [1, 5, 17, 19, 27, 29]. 
One of the primary considerations concerns the natural cir- 
cumstances in which this endogenous pain inhibitory system 
may be activated. In this context, it has recently been pro- 
posed that endorphins may play a key role in defense re- 
sponding to stress [3] and that one of their functions may be 
to prevent nociceptive stimuli from disrupting innate defen- 
sive patterns [8]. Support for this hypothesis includes the 
observations that exposure to a variety of stressors induces 
analgesia in experimental animals [7], at least some forms of 
which are reversed by opiate antagonists [7,18]. Further- 
more, in rats, naloxone has been reported to enhance both 
shock-elicited freezing and shock-elicited fighting, indicating 
a relationship between endorphin release and defensive be- 
haviours [11,12]. 

However, as this evidence is based upon experiments in- 
volving the use of artificial stimuli (i.e. electric shock), the 
present study examined the above hypothesis under more 
‘naturalistic’ conditions. Both offensive and defensive be- 
haviours are observed when an unfamiliar male rat is placed 
in the home cage of another male, and this ‘resident-intruder’ 
paradigm has been valuable in recent psychophar- 
macological analyses of agonistic behaviour [23]. This 
paradigm was therefore used to test two predictions based on 
the hypothesized relationship between endorphins, stress 
and defensive behaviours: (a) in a manner analogous to other 
stressors, agonistic experience should produce analgesia 
and, if naloxone-sensitive opioid mechanisms are implicated, 
then (b) pretreatment with naloxone should block the devel- 


opment of this response and alter the displayed behaviour 
patterns. 


GENERAL METHOD 
Subjects 
Adult male hooded Lister rats (200-350 g), from Bradford 
University colony, served as subjects. Animals were 
individually-housed (cage size: 452820 cm) for 14 days 
prior to experimentation, with food and water available ad 


lib. They were maintained on a 12 hr light/dark cycle (lights 
on: 1900 hr) in a temperature-controlled room (24+ 1°C). 


Apparatus 

Analgesia was measured using the tail-flick test (modified 
radiant heat method, [10]), with the temperature adjusted to 
give control latencies of 7.5-8.0 sec. We have previously 
found that this technique is sensitive to both increases 
(analgesia) and decreases (hyperalgesia) in response laten- 
cies [14]. Agonistic encounters, which took place in the resi- 
dents’ home cages, were recorded on videotape (Sony 
KCA60), with the recording equipment (apart from the cam- 
era) housed in a room adjacent to the laboratory. 


Drugs 


Naloxone hydrochloride (Endo Laboratories) was dis- 
solved in physiological saline (0.9%), which alone served as a 
vehicle control. All injections were performed intraperito- 
neally in a volume of | ml/kg. 


Procedure 
All testing took place under red light (2 x 60 W) during the 
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mid-portion of the dark phase of the cycle. This test period 
was chosen in view of the reported enhancement of endor- 
phinergic activity in the active, as opposed to passive, phase 
[21, 24, 30] and personal observations). 

For two hours/day, on the three days prior to experi- 
mentation, animals were habituated to the journey from the 
animal house and to the laboratory environment. On the test 
day, animals were randomly allocated to ‘resident’ and ‘in- 
truder’ categories and then assigned to drug condition. It 
should be noted that, in all instances, partners of drugged 
animals received an injection of saline and that drug effects 
were assessed independently on residents and intruders. 

Two hours before injection, 3 baseline tail-flick latencies 
were established for each animal. Animals were then in- 
jected, according to category, in an order counterbalanced 
for status (resident or intruder) and drug condition. Ten 
minutes following injection, intruders were introduced into 
the home cages of the residents and the ensuing behaviour 
was recorded on videotape for a further ten minutes. Im- 
mediately following encounters, tail-flick latencies were 
again established for all animals. The experimenter was blind 
to drug condition and tape codes were broken only after 
complete data analysis. 


Behavioural Observations 


Frequency data were transcribed from video-cassette to 
audio-cassette, tabulated and subsequently analyzed for a 
total of 28 behavioural elements. For statistical purposes, 
these elements were grouped as follows (after Silverman, 
[35]): 

Exploration: cage exploration 

Investigation: naso-anal, naso-nasal, approach, follow 

Maintenance: autogroom, scratch 

Ambivalent: mutual upright posture, box 

Offense: allogroom, nose-poke, offensive sideways, of- 
fensive upright, lateral attack, bite, full aggressive posture 

Defense: under food hopper, attend, evade, crouch, dig, 
defensive sideways, defensive upright, on-the-back 

Residual: wet-dog-shake, crawl over, crawl under, scan. 
Latencies to full aggressive, and on-the back, postures were 
also recorded. 


Data Analysis 


Tail-flick data were analyzed using three-factor analyses 
of variance (ANOVA; drug condition, animal status, time). 
Since the behavioural data were non-parametric, these were 
analyzed by Kruskal-Wallis and Mann-Whitney tests. As a 
result of a technical fault in Experiment 1, the data from one 
pair of animals were lost, leaving 9 pairs in the intruder (1 
mg/kg) group. 


EXPERIMENT | 


100 Animals were randomly assigned to ‘resident’ or ‘in- 
truder’ categories and then assigned to drug condition. In all, 
there were 5 conditions with 10 pairs of animals in each: 
resident (saline) vs intruder (saline), resident (1 mg/kg 
naloxone) vs intruder (saline), resident (5 mg/kg naloxone) vs 
intruder (saline), resident (saline) vs intruder (1 mg/kg 
naloxone) and resident (saline) vs intruder (5 mg/kg 
naloxone). 


Results 


Tail-flick test. Results are summarized in Table 1. 
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ANOVA failed to reveal any significant effects on drug con- 
dition, F(2,54)=0.98, ns, or status, F(1,54)=0.11, ns, nor 
were any of the interactions significant. These data indicate 
that the experience of an agonistic encounter does not result 
in analgesia in either resident or intruder animals and that 
naloxone (1-5 mg/kg) is without effect on pain responses in 
both categories. 

Behavioural test. Results are presented in Tables 2 and 3. 
In the case of resident animals, it can be ssen that naloxone 
was ineffective in altering any of the behavioural measures. 
A similar pattern emerged in the intruder animals, in which 
only cage exploration reached statistical significance 
(H=8.9, p<0.02). Mann-Whitney comparisons revealed that 
this effect was due to increased cage exploration in intruders 
receiving 1 mg/kg naloxone. No other comparisons were 
significant. 

These data suggest that endogenous analgesic mech- 
anisms are not activated by agonistic experience and that 
naloxone-sensitive opioid mechanisms are not involved in 
the display of offensive or defensive behaviours in rats. 
However, since it has been reported that high doses of 
naloxone are sometimes required to antagonize the effects of 
endogenous opioids [7], the possibility remained that posi- 
tive effects on behaviour might have been observed with a 
larger dose of the antagonist. A second experiment was 
therefore conducted to assess the effects of 25 mg/kg 
naloxone. 


EXPERIMENT 2 


In a manner identical to Experiment 1, 54 animals were 
randomly assigned to ‘resident’ or ‘intruder’ categories and 
then allocated to drug condition. In this study, only three 
conditions were employed: resident (saline) vs intruder 
(saline), resident (25 mg/kg naloxone) vs intruder (saline) and 
resident (saline) vs intruder (25 mg/kg naloxone). 


Results 


Tail-flick test. Data are summarized in Table 4. ANOVA 
failed to yield any significant effect on drug condition, 
F(1,32)=0.15, ns, or status, F(1,32)=1.17, ns. nor were any 
significant interactions apparent. As in Experiment 1, these 
data fail to demonstrate analgesic reactions to agonistic 
experience, or an influence of naloxone (25 mg/kg) on pain 
responding, in either category. 

Behavioural test. Results are summarized in Tables 5 and 
6. As can be seen, 25 mg/kg naloxone failed to alter the 
behaviours displayed by either resident or intruder animals; 
Mann-Whitney comparisons failed to reveal any significant 
effects of drug treatment on offensive or defensive respond- 
ing. These data strengthen the conclusions of the first exper- 
iment and argue against the involvement of naloxone- 
sensitive opioid mechanisms in the display of offensive and 
defensive behaviours in the current paradigm. 


DISCUSSION 


A wide variety of evidence implicates the activation of an 
endorphinergic analgesia system in response to stress [7] 
and, as a result of such findings, it has been argued that 
opioid peptides may play an important role in the modulation 
of adaptive behaviours [3]. In particular, it has been pro- 
posed that an endogenous pain inhibitory system would be 
adaptive in situations in which pain responding might inter- 
fere with effective behavioural performance [1, 17, 18]. One 
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TABLE 1 


EFFECTS OF AGONISTIC EXPERIENCE AND NALOXONE TREATMENT ON TAIL-FLICK LATENCIES 
IN RESIDENT AND INTRUDER ANIMALS 





Animal Status 


Resident Intruder 


Drug Condition Baseline Post-encounter Baseline Post-encounter 





7.4 + 0.43 
7.3 + 0.47 
8.5 + 0.44 


8.4 + 0.72 
7.8 + 0.35 
8.7 + 0.71 


7.2 + 0.42 
8.0 + 0.47 
7.4 + 0.47 


7.9 + 0.43 
8.1 + 0.57 
8.7 + 0.79 


Saline 
Naloxone (1 mg/kg) 
Naloxone (5 mg/kg) 


+ 
+ 





Data are represented as means + SEM. ANOVA failed to reveal any significant main effects on 
drug condition or status. See text for details. 


TABLE 2 


EFFECTS OF NALOXONE HYDROCHLORIDE (1-5 mg/kg) ON 
BEHAVIOURS DISPLAYED BY RESIDENT ANIMALS 





Behavioural 
Category 


Saline 


Drug Condition 


Naloxone 


(1mg/kg) 


Naloxone 
(5 mg/kg) 





Exploration 
Investigation 
Maintenance 
Ambivalent 
Offense 
Residual 


Full aggressive 
posture (sec) 


15.0 (10-21) 
28.0 (23-33) 
1.0 (0-2) 
14.5 (11-25) 
18.0 (17-25) 
27.5 (25-44) 


215 (140-250) 


15.5 (12-25) 
40.0 (29-43) 
3.5 (1-4) 
15.0 (11-18) 
18.0 (10-24) 
27.0 (11-35) 


245 (140-490) 


18.5 (7-24) 
38.5 (26-46) 
2.5 (0-4) 
15.0 (10-16) 
22.0 (15-30) 
20.5 (17-40) 


130 (110-340) 





Data represent medians (lower-upper quartiles). Kruskal-Wallis tests failed to re- 


veal any significant differences between groups on any behavioural category. See text 
for details. Ten pairs were tested in each condition. 


TABLE 3 


EFFECTS OF NALOXONE HYDROCHLORIDE (1-5 mg/kg) ON 
BEHAVIOURS DISPLAYED BY INTRUDER ANIMALS 





Drug Condition 


Behavioural 
Category 


Saline 


Naloxone 
(1 mg/kg) 


Naloxone 
(S mg/kg) 





Exploration 
Investigation 
Maintenance 
Ambivalent 
Defense 
Residual 


On-the-back 


22.0 (18-22) 
30.5 (25-38) 
2.0 (0-5) 
14.0 (7-18) 
43.5 (34-56) 
23.5 (15-30) 


215 (150-250) 


33.0 (27-37)* 
36.0 (31-48) 
3.0 (0-5) 
10.0 (8-14) 
43.0 (37-51) 
21.0 (10-27) 


160 (90-170) 


33.5 (24-38) 
29.0 (23-37) 
1.0 (0-4) 
11.5 (8-14) 
47.5 (43-55) 
16.5 (11-25) 


200 (170-340) 


posture (sec) 





Data represent medians (lower-upper quartiles). Statistical analysis revealed only a 
significant effect of naloxone (1 mg/kg) on cage exploration. Ten pairs were tested in 
saline and 5 mg/kg naloxone conditions and nine pairs (see text) in the 1 mg/kg 
naloxone condition. 

*p<0.02. 
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TABLE 4 


EFFECTS OF AGONISTIC EXPERIENCE AND NALOXONE (25 mg/kg) TREATMENT ON 
TAIL-FLICK LATENCIES IN RESIDENT AND INTRUDER ANIMALS 





Resident 


Drug condition Baseline 


Post-encounter 


Animal Status 
Intruder 


Baseline Post-encounter 





Saline 8.7 + 0.68 8.8 
Naloxone 7.8 + 0.59 8.3 
(25 mg/kg) 


+ 0.69 
+ 0.48 


8.0 + 0.35 
8.0 + 0.56 





Data are represented as means (+SEM). ANOVA failed to reveal any significant main effects 


on drug condition or status. See text for details. 


TABLE 5 


EFFECTS OF NALOXONE HYDROCHLORIDE (25 mg/kg) ON 
BEHAVIOURS DISPLAYED BY RESIDENT ANIMALS 


TABLE 6 


EFFECTS OF NALOXONE HYDROCHLORIDE (25 mg/kg) ON 
BEHAVIOURS DISPLAYED BY INTRUDER ANIMALS 





Drug Condition 


Naloxone 
(25 mg/kg) 


Behavioural 


Category Saline 


Drug Condition 


Naloxone 
(25 mg/kg) 


Behavioural 


Category Saline 





24 (13-35) 
26 (15.5-33) 
4 (1.5-7) 

3 (0.5-6) 
10 (3-22.5) 
9 (5-24.5) 


260 (135-600) 


26 (20-32.5) 
38 (26-49) 

2 (1-7.5) 

3 (2-5) 

21 (15.5-23.5) 
17 (7-21.5) 


210 (135-450) 


Exploration 
Investigation 
Maintenance 
Ambivalent 
Offense 
Residual 


Full aggressive 
posture (sec) 


34 (29-45.5) 
23 (16.5-33.5) 
5 (0.5-8) 

3 (1-7.5) 

46 (28.5-61) 
11 (6.5-18.5) 


330 (150-490) 


34 (30-42) 
30 (17-38.5) 
5 (4-7.5) 
6 (1.5-9.5) 
47 (43-70) 
13 (7-15.5) 


210 (140-440) 


Exploration 
Investigation 
Maintenance 
Ambivalent 
Defense 
Residual 


On-the-back 
posture (sec) 





Data represent medians (!ower-upper quartiles). Nine pairs were 
tested in each condition. Mann-Whitney comparisons failed to re- 
veal any significant drug effects. See text for details. 


such situation, not necessitating the use of artificial stres- 
sors, might occur when an intruder confronts a resident 
animal on its home territory. However, in contrast to pre- 
diction, present data suggest that naloxone-sensitive opioid 
mechanisms do not participate in the modulation of be- 
haviours exhibited under such circumstances. 

Our findings indicate that the experience of an agonistic 
encounter does not result in analgesia. In neither resident 
nor intruder animals did such experience significantly alter 
tail-flick latencies when compared to pre-encounter base- 
lines. Although it might be argued that this negative result 
was a consequence of the high baselines used, it should be 
noted that both analgesia and hyperalgesia have been de- 
tected using this technique [14]. Furthermore, this sugges- 
tion would not account for the lack of effect of naloxone 
(1-25 mg/kg) on tail-flick latencies. This opiate antagonist 
has, under appropriate circumstances, been found to 
produce hyperalgesia [6], an effect that should readily have 
been apparent under present test conditions. Rather, we be- 
lieve that our negative findings relate to the non-activation of 


Data represent medians (lower-upper quartiles). Nine pairs were 
tested in each condition. Mann-Whitney comparisons failed to re- 
veal any significant differences between groups on any behavioural 
category. 


naloxone-sensitive, endogenous analgesic mechanisms dur- 
ing agonistic encounters. However, these data alone do not 
rule out endorphin release per se during agonistic interaction 
since opioids are involved in other situations (e.g. exposure 
to a novel environment; [15, 32, 34]) that do not induce 
analgesia (Rodgers, unpublished observations). 

Current behavioural data however, appear to indicate that 
opioid mechanisms are not involved in the regulation of be- 
haviour exhibited during agonistic encounters between male 
rats. Naloxone (1-25 mg/kg) failed to modify either the of- 
fensive behaviour of residents or the defensive behaviour of 
intruders. That the drug was not completely without effect is 
indicated by the enhanced cage exploration shown by in- 
truders treated with 1 mg/kg. Although this effect is the op- 
posite of that found in singly-tested rats [15, 32, 34], it should 
be emphasized that drugs can have markedly different ef- 
fects in different test situations [13]. Our failure to detect an 
influence of naloxone on offensive and defensive patterns in 
rats is in agreement with the finding that naltrexone (a longer 
acting opiate antagonist) has no effect on agonistic interac- 
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tions in talapoin monkeys [22]. However, our data are at 
variance with several other recent reports. For example, 
shock-induced fighting in both rats [12] and mice [28] is 
facilitated by naloxone whilst Olivier and van Dalen [25], 
using more naturalistic conditions, have found reduced at- 
tack and facilitated defense in both rats and mice. 

We believe that the above discrepancy in results obtained 
with naloxone may be of significance and that its resolution 
may relate to one or a combination of the following 
possibilities. Firstly, it is now clear that endorphins are in- 
volved in chronic, but not acute, forms of stress analgesia 
[18,33]. Thus, the present ten-minute encounter may have 
been of insufficient duration in order to activate endor- 
phinergic mechanisms and induce analgesia. Although an at- 
tractive hypothesis, it fails to account for the behavioural 
influence of naloxone in other short duration encounters [12, 
25, 28] and its lack of effect in a more prolonged study [22]. 
Secondly, and perhaps more plausibly, endogenous analge- 
sic mechanisms may only be activated in response to intense 
aversive stimulation. Our animals, housed singly for two 
weeks prior to experimentation, displayed the full range of 
species-typical agonistic responses but with a low incidence 
of biting attacks. Similarly, in the primate study [22], intense 
encounters would probably have been rare since animals 
were tested in an established colony. In contrast, and by 
definition, shock-induced fighting involves intense aversive 
stimulation and, particularly in mice, severe biting attacks. 
Also, in Olivier and Van Dalen’s study [25], intense fighting 
would have resulted from the introduction of an intruder into 
the home cage of an animal that had been paired with a 
female for several months. Unfortunately, the latter authors 
did not determine whether their control animals displayed 


analgesia following the encounters. However, it may be of 
significance that the experience of mouse-killing results in 
analgesic responses in rats [16]. In ‘predator-prey’ interac- 
tions of this nature, activation of the endogenous analgesia 
system might be considered adaptive as the ‘prey’ is capable 
of inflicting pain/damage upon its attacker. Together, these 
findings suggest that intense aversive stimulation, or situa- 
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tions likely to involve such stimulation, may be essential for 
activation of endogenous analgesia systems and, as such, 
naloxone may only exert effects on agonistic behaviour 
under these circumstances. This hypothesis is currently 
under study in our laboratory. 

Finally, although this interpretation is consistent with the 
reviewed literature, one major problem remains. As dis- 
cussed above, naloxone enhances shock-elicited fighting in 
rats [12], a finding that has recently been confirmed and 
extended in this laboratory [31]. The above hypothesis 
would, therefore, predict that shock-elicited fighting should 
result in analgesia. Paradoxically, however, shocking 
animals in pairs (thereby eliciting fighting) actually prevents 
the analgesic response that is characteristic of individually- 
shocked animals [33]. Such findings imply that endorphins 
may be involved in the modulation of agonistic behaviour, in 
the absence of an influence on pain responding. Further- 
more, these data support the view that social factors can 
dramatically attenuate the normal physiological/behavioural 
consequences of stress [9,36]. Although the absence of 
post-encounter analgesia, in the current study, seems consis- 
tent with this view, it cannot readily be reconciled with the 
contradictory findings concerning the influence of naloxone 
on fighting behaviour. In particular, Olivier and van Dalen 
[25], using a naturalistic test situation, found significant ef.- 
fects on offense and defense whilst the current study failed to 
provide any evidence of such changes. 

In conclusion, it would appear that the presence, or ab- 
sence, of a naloxone influence on agonistic behaviour is crit- 
ically dependent upon the stimulus factors involved (physi- 
cal, environmental and, perhaps, social). This relationship is 
not a straightforward one and obviously requires much 
further investigation. 
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FILE, S. The rat corticosterone response: Habituation and modification by chlordiazepoxide. PHYSIOL. BEHAV. 29(1) 
91-95, 1982.—The rat plasma corticosterone response was measured in 3 novel situations that differed in the extent to 
which the rat’s own behavior determined its sampling of novel stimuli. All 3 tests induced a significant rise in corticosterone 
concentrations and on repeated exposures the corticosterone significantly decreased. Acute administration of chlor- 
diazepoxide (5 mg/kg) significantly reduced the corticosterone response to novelty and after 5 days of drug pretreatment 
chlordiazepoxide was even more effective at reducing the corticosterone response to novel situations. The corticosterone 
response to the stress of cold and restraint was reduced by an acute dose of 50 mg/kg chlordiazepoxide, and after 5 days of 
pretreatment by doses of 10 and 50 mg/kg. In all but one test tolerance developed to the corticosterone-blocking action of 


chlordiazepoxide after 10 days of drug treatment. 


Corticosterone Novelty Cold Restraint 


Chlordiazepoxide 


Tolerance 





ELEVATIONS in rat plasma corticosterone concentrations 
have been reported following exposure to novel situations [4, 
13, 19, 31, 33], to noise [2], handling [1, 8, 18, 23, 25] and 
footshock [19], as well as to more extreme stressors, such as 
immobilisation [3]. However, there is considerable dis- 
agreement in the literature over whether repeated exposure 
to a stressor leads to a gradual diminution of the corticos- 
teroid response [4, 14, 32], to no change [20] or to an en- 
hanced response [3]. The factors responsible for producing 
these different patterns of response change have not yet been 
identified, but the interval between successive exposures 
does not seem to be a crucial feature, since all possible re- 
sults have been found with daily trials. 

In Experiment | the rat corticosterone response was 
measured in 3 situations to see whether the nature of the 
novel situation determined the pattern of response change to 
repeated exposures. Three test situations were selected that 
differed in the extent to which the rat’s own behavior de- 
termined its sampling of novel stimuli [11]. In the first, a 
holeboard [16], the rat was free to move about the box and to 
dip its head into the holes, and thus to control both the 
stimuli to be sampled and the rate of change of stimulation. 
In the second test situation the rat was placed in a small cage 
in a novel enclosure; the cage was too small to allow 
locomotion and no external stimulus changes were imposed 
on the rat. In the third situation the rat was placed in the 
same small cage and tone stimuli were presented at regular 
intervals. 

Another way of modifying the rat corticosterone response 


to novelty is to administer benzodiazepines, and both acute 
and chronic administration have been found to reduce the 
stress-induced rise in plasma corticosteroids [14, 24, 26, 27, 
28, 29, 30]. However, acute and chronic administration of 
benzodiazepines have very different behavioral and clinical 
effects. Initially, these drugs have a predominantly sedative 
action [10,35]; after a few days of treatment tolerance to this 
develops and an anxiolytic effect is seen [5, 9, 17, 31]. In 
Experiments 2 and 3 the effects of acute and 5 days of treat- 
ment with chlordiazepoxide on the rat corticosterone re- 
sponse on first exposure to test situations were compared 
and the effects of 10 days of drug treatment also examined to 
see whether any further differences emerged with continued 
treatment. In Experiment 2, two of the test situations from 
Experiment |, the holeboard and exposure to tones, were 
used, and Experiment 3 used a more severe stress of com- 
bined cold and restraint [13]. In the groups exposed to 
novelty a dose of 5 mg/kg was chosen since this is the lowest 
dose that has sedative and anxiolytic actions with acute and 
5 days of pretreatment, respectively [12] and has been found 
to reduce the corticosterone stress response [14]. For the 
cold, restraint experiment higher doses (10 and 50 mg/kg) 
were used since previous work had shown that only these 
higher doses were effective at reducing stress ulcers [13]. 


METHOD 


Animals 


Male hooded Lister rats (from Olac Ltd., Bicester), ap- 
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proximately 350 g were maintained on ad lib food and water, 
unless otherwise stated. They were housed in pairs in an 
11-hr light/13-hr dark cycle, with lights on at 0700 hr. 


Apparatus 


The holeboard was a wooden box, 606036 cm, with 
four equally-spaced holes (3.8 cm in diameter) in the floor. 
The small cage was constructed from wire mesh and meas- 
ured 11 x8 x10 cm, with a metal bar floor. It was placed in a 
sound-attenuated chamber and tone stimuli were delivered 
through a speaker in the door of the chamber. 


Drug 


Chlordiazepoxide hydrochloride (Roche Products Ltd) 
was dissolved in distilled water to concentrations giving an 
injection volume of 2 ml/kg. Unless otherwise stated on the 
test day injections were given intraperitoneally 30 mins be- 
fore placing the rats in the test situation. On the days of 
pretreatment the rats were returned to their home cages im- 
mediately after injection. 


Corticosterone Measurements 


The rats were briefly (45 sec) anaesthetised with ether and 
blood samples were taken by direct cardiac puncture (this 
procedure taking 15-30 sec). The whole procedure took less 
than 90 sec and thus the stress of sampling would not have 
affected the corticosterone levels [7]. All samples were taken 
between 0800 and 1000 hr. The blood was collected in 
heparinised plastic tubes, centrifuged at 3,000—3 ,500 rpm and 
the plasma stored at —10°C for later assay. Plasma concen- 
trations of corticosterone were determined in duplicate using 
a fluorimetric assay [37]. 


Procedure 


Experiment 1. Twenty rats were randomly allocated to 
the three novel test situations. Those (n=8) allocated to the 
holeboard test were placed singly in the holeboard for a 
10-min trial on three successive days, between 0800 and 1000 
hr. At the end of each trial each rat was returned to its home 
cage in a quiet room for 10 min before the blood sample was 
taken. The rats allocated to the other two situations (n=6 in 
each) were placed in the small cages and given a 20 min 
exposure on 3 consecutive days. The one group received no 
tone stimuli, the other received a 1I-sec 90 dB tone every 60 
sec. Blood samples were taken immediately on removal from 
the test apparatus on the first and third days. 

Experiment 2. Forty-eight rats were randomly allocated, 
12 to each of the following independent drug groups: control 
(water), chlordiazepoxide (5 mg/kg) acute, 5 pretreatment 
days or 10 pretreatment days. Six rats in each drug group 
were then allocated at random to the holeboard test. They 
were placed singly in the holeboard for a 10-min trial and 
then returned to their home cages in a quiet room for 10 min 
before blood samples were taken. The other six rats in each 
drug group were given a 20 min trial in the small wire mesh 
cage, with tone stimuli presented every 60 sec. Blood sam- 
ples were taken immediately after the test. No rat was tested 
on more than one occasion. 

Experiment 3. Thirty-six rats were randomly allocated, 
six to each of the following independent drug groups: con- 
trol, acute chlordiazepoxide (10 and 59 mg/kg), 5 days of 
pretreatment (10 and 50 mg/kg) or 10 pretreatment days (50 
mg/kg). These rats were food-deprived overnight and im- 
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FIG. 1. Mean(+SEM) corticosterone concentrations (ug/100 ml) 
in rats placed in a hole board for 10-min trials on 3 successive days, 
in those placed in a small cage (alone or with tone stimuli regularly 
presented) for 20 mins on 3 successive days. 


mediately after injection placed at 4°C in restraint cages and 
left for 2 hr [12]. Blood samples were taken immediately after 
this test. No rat was tested on more than one occasion. 

In both Experiments 2 and 3 in order to equate the 
amount of handling all rats received daily injections for 10 
days before testing, water injections replacing active drug 
where appropriate. In all the tests the rats were tested in an 
order randomised for drug treatment, between 0800 and 1000 
hr. 

Twelve rats were allocated to remain as home-cage con- 
trols for estimations of baseline corticosterone concentra- 
tions. Six received water injections 40 min before blood 
samples were taken and six received chlordiazepoxide (5 
mg/kg). The latter group had received 5 days pretreatment 
with this dose of chlordiazepoxide. 





RAT CORTICOSTERONE RESPONSE 


TABLE | 


EFFECTS OF CHLORDIAZEPOXIDE ON THE MEAN (+SEM) CORTICOSTERONE RESPONSE (yg/100 ml) 
IN THREE TEST SITUATIONS 





(A) 10 mins exposure to the holeboard 
Control 


Acute 5 days 


Chlordiazepoxide (5 mg/kg) 


10 days 





HATS 6 6M tS 3S 25.8 + 2.76t 


59.1 + 9.43 





(B) 20 mins exposure to tone stimuli 
Control 


Acute 5 days 


Chlordiazepoxide (5 mg/kg) 


10 days 





73.7 + 6.03 43.5 + 6.75* 25.8 + 3.3T 


16.3 + 1.547 





(C) 2 hr exposure to cold restraint 
Acute 
10 50 


Control 


10 days 


10 50 50 mg/kg 





136.3 + 12.3 111.4 + 21.0 92.5 + 16.5* 


59.6 + 12.1T 79.0 + 18.07 136.0 + 15.7 





*p<0.05; *p<0.01, two-tailed independent f-tests. 


RESULTS 


Experiment | 


Figure | shows the mean (+SEM) plasma corticosterone 
concentrations on successive trials in the three test situa- 
tions. On all three tests there was a significant decrease in 


corticosterone concentration over trials (for holeboard 
F(2,14)=39.2, p<0.0001; for the other tests #(5)=4.21 and 
4.85, respectively, p><0.01). No animal showed an increased 
response over trials, in spite of any accumulating stress from 
the daily exposure to ether and cardiac puncture. 


Experiment 2 


Table 1 shows the mean (+SEM) plasma corticosterone 
responses in rats after 10 min exposure to the holeboard, 20 
min of tone stimuli or 2 hr of cold restraint, after control or 
chlordiazepoxide injections. In all cases chlordiazepoxide 
significantly reduced the corticosterone response (see Table 
1). In the holeboard and cold restraint groups 5 days of pre- 
treatment was significantly more effective than a single in- 
jection, but by 10 days tolerance had developed to the 
corticosterone-blocking action. In the group exposed to loud 
tones chlordiazepoxide was progressively more effective 
with the length of pretreatment. It should be emphasised that 
in all cases the corticosterone estimations were made follow- 
ing the rat’s first and only exposure to the test situation, all 
that varied was the duration of drug pretreatment. 

All of the test situations produced a significant elevation 
in corticosterone concentrations above that found in the 
home-cage controls. These were 13.0+0.82 for water- 
injected controls and 16.0+2.47 yg/100 ml for those treated 
with chlordiazepoxide. 


DISCUSSION 


The overall levels of corticosterone, both basal and 
stress-induced, found in these experiments were high for 
male rats, but are similar to those found previously for rats 
from the same source [14,15]. Different assays can account 
for some difference in levels, which would be particularly 
marked for the basal levels. The source and age of rats, as 
well as procedural differences, such as housing conditions, 
are also likely to influence levels. The high levels in these 
rats may not necessarily reflect their being in some way more 
chronically stressed than the rats in other laboratories and 
certainly their general behavior would not be in keeping with 
such an interpretation. 

The results of Experiment | show that whether the rat is 
free to determine its sampling of novelty or whether the tone 
presentations are regularly presented regardless of the rat’s 
behavior, in both cases the corticosterone response di- 
minishes with repeated exposure to the situation. This is in 
accord with most other studies in the rat where the duration 
of exposure to the test situation has been greater than 5 min 
[4, 14, 32, 33]. In general the failures to find decreasing re- 
sponses have come from studies using short exposure times 
and mice as subjects [22]. The duration of exposure time 
could be a critical factor in determining the effect of repeated 
trials, and there may also be a species difference between 
rats and mice. 

Treatment with a low dose of chlordiazepoxide produced 
a decrease in the corticosterone response that was com- 
parable in magnitude to that produced by repeated expo- 
sures. The response after 5 days of pretreatment was always 
more marked than after acute treatment, parallelling chlor- 
diazepoxide’s anxiolytic [5, 12, 31] and anti-neophobic ef- 
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fects [6]. Tolerance to anxiolytic actions has been found after 
15 days of treatment [36] and to anti-neophobic effects after 
10 days [6]. In Experiments 2 and 3 two out of the three tests 
showed tolerance to the anti-stress effects after 10 days. 

The failure to find tolerance to the effects of chlor- 
diazepoxide in the tone exposure group, and indeed the in- 
creasing efficacy of the drug with extended pretreatment, 
suggests that the rise in corticosterone on exposure to this 
situation may reflect a qualitatively different arousal state 
than that induced by holeboard exposure or cold restraint. 
The crucial factors in determining such a difference remain 
to be investigated. 

In conclusion, the elevation in rat plasma corticosterone 
is found in a variety of novel situations and it shows a de- 
crement with repeated exposures to the situation. This is 
regardless of whether the rat is free to explore or whether 
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stimulus presentations are imposed on the animal by the ex- 
perimenter. Both acute and 5 days of benzodiazepine treat- 
ment reduce the corticosterone response to novelty and to 
more extreme stress, 5 days of treatment being more effec- 
tive. However, as with the other actions of benzodiazepines, 
with further pretreatment (10 days) tolerance develops to 
these effects. 
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SCHNEIDER, J. E., C. B. LYNCH, B. POSSIDENTE AND J. P. HEGMANN. Genetic association between 
progesterone-induced and maternal nesting in mice. PHYSIOL. BEHAV. 29(1) 97-105, 1982.—Increases in nesting 
during pregnancy may be mediated by progesterone in mice. If the behaviors, maternal nesting (MN) and nesting induced 
by exogenous progesterone (PN), are controlled by the same physiological mechanism, it would be expected that they 
share a common genetic basis. The present experiment was designed to quantify the extent of genetic association between 
PN and MN. At Wesleyan University, baseline nesting was measured on females of 4 inbred strains. Subsequently, half of 
the mice in each strain received progesterone implants. There were significant increases in nesting due to progesterone 
treatment. After 21 days, implants were removed and nesting levels returned to baseline. The mice were mated and nesting 
measured throughout pregnancy. The strain rank order was the same for levels of PN and MN. The genetic correlation 
between PN and MN estimated from analysis of covariance within and between strains was not significantly different from 
1.0. These results were replicated at the University of Iowa. The high genetic correlation implies a common physiological 


mechanism underyling PN and MN. 


Genetics Progesterone Maternal behavior 


Nesting 


Inbred strains Mice 





GENETIC influences can have substantial effects on indi- 
vidual differences in behavioral responses to hormones, and 
can plausibly account for discrepancies among the results of 
investigators [9, 11, 22]. Although awareness of the problem 
has increased, other than reporting genetic origins of exper- 
imental animals and utilizing appropriate genetic controls, 
few investigators have exploited the potential of genetic 
analysis as a tool in behavioral endocrinology. The genetic 
basis of behavioral and physiological traits reflect both the 
effect of prior natural selection on those traits and the func- 
tional relationship between them. Genetic analysis, there- 
fore, may provide insight into both the evolutionary signifi- 
cance and mechanisms of behavior-hormone associations. 
The study of maternal nesting in mice illustrates the utility 
of the behavior genetic approach. Nest-building traditionally 
has been viewed as a multifunctional behavior mediated by 
different mechanisms depending on the sex and hormonal 
condition of the animal. In previous studies, the size and 
complexity of the nest increased during pregnancy in mice. 





A similar increase in nest-building was elicited in nonpreg- 
nant mice by exogenous progesterone [12], estrogen plus 
progesterone, but not estrogen alone [10]. By contrast, mater- 
nal nest-building in the post-parturient female appeared to 
be independent of hormone levels and related to stimulation 
from the young [5, 19, 24]. One proposed model includes a 
thermoregulatory mechanism underlying daily nesting of 
nonpregnant female and male mice, a neuroendocrine mech- 
anism operating exclusively during pregnancy and an induc- 
ible mechanism affected by cues from pups [19]. 

More recently, it has been suggested that the different 
types of nesting may be part of an adaptive system of ther- 
moregulation [13]. Members of the species, Mus musculus, 
can breed all year in the cold [1, 2, 8]. The young are born 
ectothermic and so impose considerable heat loss upon the 
mother. These considerations suggested that ambient tem- 
perature might have been an important variable molding 
nesting response during evolutionary development. (In ac- 
cordance with the previous literature we will refer to daily 
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nesting by nonpregnant female and male mice as thermoregu- 
latory nesting (TRN) and nesting by pregnant and lactating 
mice as maternal nesting (MN). TRN and MN were meas- 
ured in lines of mice divergently selected for TRN. Maternal 
nest size was correlated with thermoregulatory nest size, 
increased as ambient temperature decreased, and was corre- 
lated with offspring survival in the cold [13]. The action of 
progesterone may be an important element of this thermo- 
regulatory system. While it is the primary hormone associ- 
ated with increased nest-building it also has well known ef- 
fects on body temperature in mammals [7,15]. It has been 
demonstrated that progesterone acts on thermosensitive 
areas in the hypothalamus to increase firing of cold-sensitive 
and decrease firing of heat-sensitive neurons [17]. 

Thus, we are studying an adaptive system of thermoregu- 
lation affected by internal factors such as hormone levels, 
and external factors such as ambient temperature and mic- 
roclimate of the nest. In an initial attempt to understand the 
relationships among these elements we examined their ge- 
netic association. TRN, MN and PN (progesterone-induced 
nesting) and body temperature were measured in highly in- 
bred strains of mice. If the traits are mediated by the same 
physiological mechanism, it would be expected that they 
share a common genetic basis. To test this hypothesis, the 
genetic correlations between pairs of measured traits were 
estimated. 


METHOD 
Replicate 1 


The first experiment was conducted as Wesleyan Uni- 
versity. The inbred strains, BALB/clbg, CS57BL/6J, 
C3H/2Ibg and DBA/IBG, were reared contemporaneously 
under a lighting regime of 16 hr light: 8 hr dark (‘lights on”’ 
0700 hr), at 25—27°C, with food (Wayne Lab Blox) and tap 
water provided ad lib. Animals were housed in poly- 
propylene cages containing 500 cc wood chip bedding, 
changed twice a week. 

Adult female mice of these 4 strains, aged 69-148 days, 
were weighed and individually housed for measurement. 
Twenty mice of each strain were divided into groups desig- 
nated as the treatment group and the sham group. Litters 
were split between groups. 

On Day | of testing a preweighed amount of cotton bat- 
ting (Mountain Mist) was placed in the food hopper on top of 
the wire cage lid. Each day for 4 days the cotton remaining in 
the food hopper was weighed, and the previous day’s nest 
removed. The daily nesting score was the difference between 
the cotton weights each day. Additional pre-weighed cotton 
was added to the food hopper as necessary. Baseline nesting 
(TRN) was defined as the mean of the 4 daily scores. 

On Day 5, body temperatures were measured between 
1400 and 1600 hrs with a Yellow Springs Instruments tele- 
thermometer and No. 402 small animal probe. The probe was 
dipped into glycerol and then inserted 2 cm into the rectum. 
The temperature readings were accurate to 0.1°C. 

Following measures of TRN and body temperature, crys- 
talline progesterone (A‘*-pregnene-3,20-dione, Sigma) in 
Silastic tubing (Dow Corning, 0.062 inches i.d. x 0.095 
inches o.d., 2 cm long) was implanted interscapularly. Silas- 
tic tubing preparations of these dimensions are routinely 
used to deliver progesterone at levels similar to those present 
during normal pregnancy (Goldman, personal communica- 
tion). Methoxyflurane anesthesia (Metophane, Pitman- 
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Moore) was used. The implants were sealed at both ends 
with Dow Silicone Adhesive. The sham groups received 
empty, sealed, Silastic tubing of the same size. 

Nesting was measured daily, as described above, for 21 
days after treatment (implantation of silastic tubes). Body 
temperature was measured 7 and 14 days after treatment. 
The implants were removed, and 2 weeks later nesting was 
measured for 4 days to provide another baseline. Mating 
then commenced. 

Male mice chosen at random from an outbred stock were 
used for matings. A male was placed in each female’s cage at 
1500 hr. The females were inspected daily at 0800 hr for the 
presence of a vaginal plug. When mating was confirmed for 
an individual female, the male was removed from her cage 
and nesting measured daily until birth of the litter. Body 
temperatures were not measured during pregnancy to avoid 
stress or injury to the mothers. 

Intact female mice respond more reliably to progesterone 
treatment than do ovariectomized females, possibly due to 
small amounts of estrogen acting synergistically with 
progesterone in intact females. In one study, treatment with 
a critical ratio of estrogen to progesterone was needed to 
increase nesting in the ovariectomized female to levels of the 
intact, progesterone-treated virgin female [10]. Since the 
ratio of estrogen to progesterone needed to affect nesting has 
not been determined for our inbred strains (and may actu- 
ally differ among the strains), we used intact virgin females 
to insure a maximum nesting response to progesterone. 


Replicate 2 


This experiment was replicated at the University of Iowa. 
The methods and procedures were identical with the follow- 


ing exceptions: (1) Different substrains of mice were used in 
Replicate 2. (BALB/cBYJ, C57BL/10Sn, C3H/HeJ and 
DBA/1J). (2) One group of animals underwent progesterone- 
treatment and mating in reverse order (specifically, the mice 
in this group were measured for baseline, maternal, baseline, 
and progesterone-induced nesting in that order). This was 
done to examine whether pretreatment with progesterone 
affected maternal nesting, or vice versa. (3) The mice were 
slightly younger in Replicate 2 (between the ages of 46-78 
days). (4) Baseline nesting was measured for 8 days while 
progesterone-induced nesting was measured for 14 days. 


Data Analysis and Estimation of Genetic Parameters 


To test for overall differences in nesting among strains 
and between progesterone and sham groups a mixed model 
two-way analysis of variance was performed on the four-day 
average score calculated from the last 4 daily scores post- 
implant. Because of a mean-variance correlation in the origi- 
nal scale, nesting scores were square-root transformed for 
analysis. However, all figures are done in the original scale 
for ease of presentation. A similar analysis was used to test 
for differences in body temperatures among strains and be- 
tween progesterone and sham groups. A separate analysis 
was performed for each of the 3 days that temperatures were 
measured (pre-implant, 7 days post-implant and 14 days 
post-implant). 

Since the gestation period varies among individuals, 
group means were tabulated with respect to the day of par- 
turition, rather than the day of mating. Repeated measures 
analysis was performed on the daily maternal nesting scores 
to determine whether the changes in nesting over pregnancy 
were significant. 
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To test for differences in maternal nesting among strains, 
a one-way analysis of variance was performed on the four- 
day average calculated the fifth through the second day be- 
fore parturition. This period of pregnancy was chosen be- 
cause other studies indicated that progesterone reaches its 
peak levels during this time [16,23]. These scores were also 
square-root transformed. 

Analysis of variance permits quantification of genetic in- 
fluences on individual traits and on the relationships between 
traits. When a random sample of inbred strains is reared and 
measured contemporaneously, the variance in a trait may be 
partitioned into genetic and nongenetic components. Specif- 
ically, under a set of simplifying assumptions [4] the compo- 
nent of variance between strains estimates twice the additive 
genetic variance in a hypothetical random-bred population 
from which the strains might have been derived [3]. Variance 
within strains represents environmental variance. Heritabil- 
ity was estimated as '/2 the component of variance between 
strains divided by '/2 the variance between plus the variance 
within strains. This estimate is actually an approximate 
measure of the amount of additive genetic variance between 
these inbred strains and is not necessarily generalizable to a 
random bred population. 

Analogously, covariance can also be partitioned into ge- 
netic and nongenetic components. This can be done either by 
analysis of covariance, or by a simplified method which 
yields identical results [6]. In the latter method, a synthetic 
variable is constructed from the sum of the two variables for 
which the correlation is being estimated. Covariance can be 
solved from the equation: 


V(X + Y) = V(X) + VWCY) + 2COV(XY) 


In the special case of inbred strain comparisons, this pro- 
vides a simple method for estimating genetic correlations (r,) 
as the ratio of the component of covariance between strains 
to the product of the between-strain standard deviations for 
the two traits: 


r, = COV( XY)p/ox, 0 . 


This is equivalent to the additive genetic covariance over the 
product of the additive genetic standard deviations, a true 
genetic correlation [4]. 

The standard error for the genetic correlation is [4]: 


Try = (1-—r?/V 2) V Tn2 Tn2/hhy 


where h? and h? are the heritabilities and Tn2 and Op2 are the 
standard errors for the heritability estimates of X and Y (see 
[18] for equations for the standard error of the heritability). 


RESULTS 
Replicate 1 


The mean daily nesting scores of sham and implant 
groups before and after progesterone treatment are shown 
for each of the 4 strains in Figs. 1 (BALB and C3H) and 2 
(C57 and DBA). The effect of strain on average daily nesting 
of Days 14-17 post-implant was significant (p<0.001). The 
hormone treatment effect (9<0.05) and the strain by hor- 
mone interaction (p<0.002) were also significant indicating 
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FIG. 1. Mean and standard error of daily nesting scores of A. 
BALB/clbg and B. C3H/2Ibg female mice plotted 4 days pre- and 21 
days post-implant. Sham- and progesterone-implanted groups are 
plotted separately within each strain. 
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that the mice responded to progesterone treatment, but the 
response differed according to genotype. 

Figure 3 shows the mean body temperature of the sham 
and implant subgroups of the 4 strains on Days 0, 7, and 14 
post-implant. There were no significant strain or interaction 
effects on any day, while treatment effects were significant 
on Days 7 (p<0.02) and 14 (p<0.001). 
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FIG. 2. Mean and standard error of daily nesting scores of A. 
C57BL/6J and B. DBA/1BG female mice plotted 4 days pre- and 21 
days post-implant. Sham- and progesterone-implanted groups are 
plotted separately within each strain. 


Two weeks after removal of the implants, the daily nest- 
ing of the sham and implant groups did not differ signifi- 
cantly. This is shown for the 4 strains in Figs. 4 and 5 where 
mean daily nesting is plotted for 4 days prior to mating. 

Figures 4 and 5 also show the daily maternal nesting of the 
4 strains. All of the females in both the sham and implant 
groups were allowed to mate to maximize the sample size of 
pregnant females. Only the nesting scores of animals which 
gave birth were used to calculate the daily maternal nesting 
mean. Repeated measures analyses of variance showed sig- 
nificant changes in nesting over the gestation period for 
BALB (p<0.002), C3H (p<0.001), CS7BL (p<0.001), and 
DBA (p<0.05). One-way analysis of variance on the average 
nesting score on Days 5-2 pre-parturition (Days 14-17 of 
pregnancy) showed significant strain differences (p<0.001). 

Figures 4 and 5 show that the patterns of MN differ 
slightly among the strains. For example, BALB and DBA 
MN levels peak earlier (Day 13 pre-parturition) than CS7BL 
and C3H MN levels (Day 5 or 6 pre-parturition). 

A histogram of the 3 types of nesting (TRN, MN and PN) 
for the 4 inbred strains is shown in Fig. 6. PN refers to the 
average of the 4 nesting scores on Days 14-17 post- 
progesterone implant and MN is the four-day average on 
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FIG. 3. Mean and standard error of body temperature for sham- (---) 
and progesterone-implanted (—) groups on Days 0, 7, and 14 post- 
implant. The data from the inbred strains BALB/cIbg, C3H/2Ibg, 
C57BL/6J and DBA/1BG are plotted separately. 


days 5-2 pre-parturition (Days 14-17 of pregnancy). The 
strain rank order of the nesting of progesterone treated 
females was identical to that of pregnant females (BALB, 
C3H, CS7BL, DBA). 

Table 1 shows the heritabilities of the traits measured in 
Replicate 1. TRN and body weight displayed intermediate 
heritabilities, while the heritability of MN was lower, essen- 
tially replicating estimates from parent-offspring regression 
[14]. Table 1 also shows the genetic correlations, with stand- 
ard errors, and environmental correlations between pairs of 
traits. Genetic correlations estimated by this method can be 
greater than 1.0 since parameters used in the equations are 
themselves estimates. Environmental correlations were cal- 
culated directly from the within-strain components of vari- 
ance and covariance. The genetic correlation between PN 
and MN was not significantly different from 1.0, while those 
between TRN and PN and TRN and MN were approx- 
imately 0.5. The estimate for TRN and MN is close to that 
resulting from correlated response to selection [14]. 


Replicate 2 


Figures 7-10 only show data of mice which were meas- 
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FIG. 4. Mean and standard error of daily nesting scores plotted 4 
days prior to mating and during the gestation period for A. 
BALB/clIbg and B. C3H/2Ibg female mice. Data from two groups, 
sham- and progesterone-implanted, are plotted separately prior to 
mating. However, females from both groups were allowed to mate. 


ured for PN after MN, since they did not appear to differ 
from mice which had PN measured first. Figures 7 and 8 
show baseline TRN and daily nesting of mated and nonmated 
females of the 4 strains. Two-way analysis of variance on the 
average of nesting scores on Days 5-2 pre-parturition (MN) 
showed significant differences due to strain (p<0.001) and 
reproductive condition (p<0.01). The strain by pregnancy 
interaction was not significant. 

As shown in Figs. 9 and 10, 2 weeks after the mothers 
were separated from their newborn pups the mated and 
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FIG. 5. Mean and standard error of daily nesting scores plotted 4 
days prior to mating and during the gestation period for A. CS7BL/6J 
and B. DBA/1BG female mice. Data from two groups, sham- and 
progesterone-implanted, are plotted separately prior to mating. 
However, females from both groups were allowed to mate. 
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FIG. 6. Histogram of mean and standard error of T (thermoregula- 
tory), P (progesterone-induced) and M (maternal) nesting for 4 in- 
bred strains, BALB/cIbg, C3H/2Ibg, C57BL/6J, DBA/1BG. 
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TABLE 1 


ENVIRONMENTAL CORRELATIONS (ABOVE DIAGONAL), GENETIC 
CORRELATIONS WITH STANDARD ERRORS (BELOW DIAGONAL), AND 
HERITABILITIES WITH STANDARD ERRORS (FAR RIGHT) FOR TRAITS MEASURED 

ON FOUR INBRED STRAINS IN REPLICATE 1 





TRN PN BW h? 





TRN ’ 0.57 : 45 0.58 + 0.13 
PN 0.53 + 0.16 7 t me 0.28 + 0.13 
MN 0.59 + 0.17 1.19 + 0.10 ; 0.34 + 0.13 
BW —0.12 + 0.20 0.69 + 0.18 56 + 0. 0.25 + 0.11 





TRN=baseline thermoregulatory nesting, PN=progesterone-induced nesting, 
MN =maternal nesting, BW=body weight. 
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FIG. 7. Mean and standard error of daily nesting scores of A. FIG. 8. Mean and standard error of daily nesting scores of A. 
BALB/cBYJ and B. C3H/HeJ female mice plotted 8 days prior to CS57BL/10Sn and B. DBA/IJ female mice plotted 8 days prior to 
mating and during the gestation period. Mated and non-mated mating and during the gestation period. Mated and non-mated 
groups are plotted separately. groups are plotted separately. 
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FIG. 9. Mean and standard errors of daily nesting scores of A. 
BALB/cBYJ and B. C3H/HeJ female mice plotted 8 days pre- and 14 
days post-implant. Sham- and progesterone-implanted groups are 
plotted separately. 


nonmated females did not differ significantly in TRN. Fig- 
ures 9 and 10 also show progesterone-induced nesting for the 
4 strains measured in Iowa. Both the strain and hormone 
treatment effects were significant (p <0.001). The interaction 
term was not significant in this replicate, indicating that 
these substrains all respond to progesterone in proportion to 
their baseline nesting. 

A histogram of the 3 types of nesting (TRN, MN and PN) 
for the 4 inbred strains is shown in Fig. 11. TRN refers to the 
average of the last 4 daily nesting scores during the beginning 
baseline. PN is the average of 4 nesting scores on the last 4 
days of post-progesterone implant and MN is the four-day 
average on days 5-2 pre-parturition. Progesterone-treated 
BALB females built large nests relative to progesterone 
treated DBA’s. The CS57BL and C3H strains had inter- 
mediate PN levels. The strain rank order of maternal nesting 
was the same. 
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FIG. 10. Mean and standard error of daily nesting scores of A. 
C57BL/10Sn and DBA/IJ female mice plotted 8 days pre- and 14 
days post-implant. Sham- and progesterone-implanted groups are 
plotted separately. 








Table 2 shows the heritabilities of the traits from Rep- 
licate 2. Again, TRN had a heritability higher than MN, rep- 
licating previous results [14]. The genetic and environmental 
correlations estimated from Replicate 2 are also presented in 
Table 2. As before, the genetic correlation between PN and 
MN was not significantly different from 1.0. However, in 
this replicate the genetic correlations between TRN and MN, 
and TRN and PN were also not significantly different from 
1.0. 


DISCUSSION 


Progesterone treatment resulted in significant increases in 
amount of cotton used daily in both replicates. These results 
are consistent with those of previous studies [12, 20, 21]. 

The rise in body temperature due to progesterone treat- 
ment was not surprising, since progesterone is known to 
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TABLE 2 
ENVIRONMENTAL CORRELATIONS (ABOVE DIAGONAL), GENETIC 


CORRELATIONS WITH STANDARD ERRORS 


(BELOW DIAGONAL), AND 


HERITABILITIES WITH STANDARD ERRORS (FAR RIGHT) FOR TRAITS MEASURED 
ON FOUR INBRED STRAINS IN REPLICATE 2 





TRN PN 


MN h? 





TRN “s 0.35 

PN 0.99 + 0.00 ° 

MN 1.09 + 0.06 1.07 + 0.07 
BW 0.89 + 0.05 0.90 + 0.05 


0.35 Y 0.47 + 0.14 
0.48 , 0.33 + 0.12 

’ -05 0.16 + 0.10 
1.07 + 0.07 0.38 + 0.13 





TRN=baseline thermoregulatory nesting, PN=progesterone-induced nesting, 


MN =maternal nesting, BW=body weight. 


raise body temperature in many mammalian species [7,16]. 
While the temperature of progesterone treated mice in- 
creased on Days 7 and 14 post-implant, the temperature of 
the sham groups decreased. This decrease may reflect the 
animals’ increased experience with the experimental proce- 
dure. Body temperature was highly variable within strains 
and the variance component between strains was not signifi- 
cant. In fact, the heritability estimate for body temperature 
was less than zero. Consequently the covariance between 
body temperature and other traits could not be estimated. 

As in previous studies [12], nesting increased during 
pregnancy. Strain differences in MN were significant. The 
pattern of MN also differed between inbred strains. Whether 
different patterns of hormone release underlie differences in 
MN patterns is currently under investigation. 

Although the strains may differ in circulating 
progesterone levels during pregnancy, this is not necessary 
to account for strain differences in nesting. In our experi- 
ment, all 4 strains received a constant dose of progesterone, 
and yet the nest-building response differed among the 
strains. These differences in PN correspond to the strain 
differences in MN, suggesting a common genetic basis for 
the two measures of nesting. In other words, genes may act 
through a common physiological mechanism affecting both 
traits. As an example, strain differences in levels of other 
ovarian hormones acting synergistically with progesterone 
might mediate differences in nest-building. Furthermore, the 
lack of a significant strain difference in body temperature 
may reflect the lack of strain differences in endogenous 
progesterone levels during baseline. 

The genetic correlation estimates the extent of common 
gene action (pleiotropy) on PN and MN. It was consistently 
high and not significantly different from 1.0 in both rep- 
licates. These results imply that most if not all of the genes 
that affect PN also influence MN. 

It should be noted that the generality of the genetic corre- 
lation estimated by this method is limited by the number of 
strains used. Fortuitous correlations may result from the 
random fixation of alleles during the inbreeding process or 
from the effects of closely linked loci. While they would be 
detected using a relatively small number of inbred strains, 
they might be transient in a random mating population. The 
larger the number of strains used, the less likely that either 
chance association or linkage would result in significant cor- 
relations. Although our maximum number of available 
strains was 4, the r, between PN and MN was consistent in 
replicates using different substrains, environmental condi- 
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FIG. 11. Histogram of mean and standard error of T (thermoregula- 
tory), P(progesterone-induced), and M (maternal) nesting of 4 inbred 
strains, BALB/cBYJ, C3H/HeJ, CS57BL/10Sn and DBA/1J. 


tions, and experimental design. Furthermore, the similar pat- 
terns of heritabilities between replicates provide some cir- 
cumstantial evidence against these results being entirely due 
to linkage. Since these replicates were based on different 
substrains, it is unlikely that similar heritabilities would re- 
sult from the stochastic processes by which linkage groups 
are established during inbreeding. 

This study demonstrates a more precise method of relat- 
ing artifically induced behavior (PN) to adaptive behavior in 
the intact, untreated animal (MN). It was previously 
demonstrated that progesterone increases nesting in female 
mice, and since progesterone levels increase during preg- 
nancy, it was suggested that perhaps progesterone mediates 
maternal nesting [12]. This hypothesis, while basically 
sound, was based on the indirect correlation between 
progesterone levels during pregnancy and increased nesting 
induced by exogenous progesterone. It is conceivable that 
such a correlation might come about by separate mech- 
anisms affecting both traits in the same way. Our experi- 
ments used genetic analysis to substantiate Lisk’s original 
hypothesis. The genetic correlation demonstrates that virtu- 
ally all of the genetic variance in maternal nesting is ac- 
counted for by genetic variance in progesterone-induced 
nesting, implying that genes influence both traits through a 
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COLEMAN, G. J., S. HARPER, J. D. CLARKE AND S. ARMSTRONG. Evidence for a separate meal-associated 
oscillator in the rat. PHYSIOL. BEHAV. 291) 107-115, 1982.—Three experiments were conducted to explore the rela- 
tionship between food availability and the wheel running activity rhythms of intact rats. In two experiments re-entrainment 
when meal times were changed was studied. The rats showed an increase in activity immediately prior to a regular feeding 
time and this increase was more rapid when rats had been fed at that time in an earlier condition. Some evidence of 
transients at a former meal time was observed when the meal time was shifted to later in the day, but not when the meal 
time was shifted to earlier in the day. This led to the hypothesis that ad lib feeding masks rather than abolishes meal- 
entrained activity. In a third experiment, therefore, rats were entrained to a daily meal under a light-dark (LD) cycle, then 
placed in constant dark (DD) on ad lib food with occasional periods of deprivation. A burst of activity associated with the 
former meal time occurred during the deprivation period, but not during ad lib periods; it returned during subsequent 
deprivation. It is concluded that meal feeding entrains a separate oscillator with a period different from the oscillator 


entrained by the LD cycle. 


Anticipatory activity Feeding 


Multiple circadian oscillators 


Circadian rhythms 


FOOD availability synchronizes a variety of biological 
rhythms in rats and mice (reviewed elsewhere [11]), but at 
least two basic issues relating to the effects of food availabil- 
ity remain unresolved. On the one hand, the characteristics 
of the putative oscillator associated with meal feeding are 
unknown and on the other, the relationship between this 
oscillator and that associated with the supra chiasmatic nu- 
clei (SCN) is unclear. 

With respect to the first issue, the primary criterion for 
determining whether a rhythm is endogenous is that it should 
persistently run free in constant conditions [5]. Two secon- 
dary criteria may also be used [11]. First, endogenous 
rhythms can produce anticipatory behavior of the kind that 
has been repeatedly observed in experiments using feeding 
schedules [11]. It is possible, however, that such behavior 
represents a conditioned response to some interoceptive 
stimulus and cannot therefore be taken as sufficient evidence 
for an endogenous rhythm. Second, if the rhythm is endoge- 
nous, a phase shift in the entraining agent should elicit a 
gradual re-entrainment, but behavioral indications of such a 
gradual shift may be obscured by positive masking [5,31]. 

There are behavioral data which might be taken to indi- 
cate the existence of a free running activity rhythm associ- 
ated with restricted feeding. Some studies have shown some 
persistence of running at the former meal time after ad lib 
feeding has been introduced [14,16] but others have not [1]. 
Meal-associated running in intact rats persists for a few days 
under total food deprivation, but rapidly disappears when 


food becomes available ad lib [1,33]. Similar results have 
been observed in SCN lesioned rats [33], but not in water 
restricted intact rats when water had been previously made 
available for only two hours daily [25]. Restricted feeding 
produces anticipatory activity by intact rats on a light-dark 
(LD) cycle [1, 7, 8, 9, 14, 16, 32] and in constant light (LL) 
[12, 14, 15, 29, 32, 33]. Other studies have shown alteration 
of the plasma corticosterone rhythms of intact rats in LD [17, 
18, 20, 21, 22, 23, 24, 26, 36] and LL [21, 27, 34, 35] as a 
consequence of restricted feeding schedules. 

With respect to the second of the minor criteria for 
entrainment, the evidence is inconclusive. Gradual phase 
shifts in anticipatory activity have been observed in at least 
one study when a meal time was shifted by 12 hours [39, 
Figs. 3 and 4]. When ad lib feeding was introduced after 
restricted feeding, one study showed residual, phase-shifting 
activity in LD [16] while others did not [25,29]. Several 
studies showed such residual activity in LL [12, 14, 33] while 
at least one did not [32]. A study with blind animals also 
failed to show these effects [16]. One intriguing finding is 
that, in LL, meal feeding appears to entrain the normal cir- 
cadian activity rhythm; on removal of the meal, no free run- 
ning activity was observed other than that beginning at the 
former meal time [14]. This suggests that, regardless of 
whether restricted feeding entrains a separate oscillator, it 
appears to be able to entrain the SCN-based oscillator. 

It cannot be concluded that there is a distinct behavioral 
rhythm, controlled by an oscillator, which persists under 
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constant conditions. It can, however, be concluded that 
some timing mechanism is associated with anticipatory be- 
haviour. 

Data from rats with SCN lesions lead to a similar conclu- 
sion, although they clearly demonstrate that anticipatory be- 
havior is not controlled by the SCN-based circadian oscil- 
lator. After SCN lesions, rats lose the normal circadian 
rhythm of activity but do show anticipatory activity to a 
daily meal [12, 29, 32] which persists for three days in total 
deprivation [12,32]. There is also some evidence that the 
corticosterone rhythm can be entrained to meal feeding to 
SCN lesioned animals [22]. 

Finally, anticipatory behavior does not occur in intact 
rats when meals are presented at intervals considerably dif- 
ferent from 24 hours [6, 9, 10, 12, 33]. This indicates that 
anticipatory behaviour is influenced by a circadian mech- 
anism. 

Hence there is evidently a circadian time-keeping mech- 
anism associated with anticipatory behavior; but it has yet to 
be demonstrated whether this mechanism is controlled by a 
circadian oscillator with characteristics similar to those of 
the SCN-controlled oscillator. It is also yet to be shown 
whether the anticipatory mechanism is subservient to the 
SCN-based circadian system of intact animals. Two experi- 
ments were therefore conducted to study the nature of re- 
entrainment when meal times were changed while rats were 
on an LD cycle. A third experiment examined the issue of a 
free-running activity rhythm associated with restricted feed- 
ing. 


EXPERIMENT 1 


METHOD 


Animals 


The animals were fifteen experimentally naive, male, 
Long Evans hooded rats weighing 300-450 g (mean 370 g) 
and about 100 days old at the beginning of the experiment. 


Apparatus 


Rats were individually housed in a five-tier rack contain- 
ing twenty wire mesh cages, 202131 cm, and were in full 
view of other animals at all times. The laboratory measured 
4.9x2.9x3.1 metres. The sole light source was three 25-watt 
clear incandescent globes mounted on the wall about three 
metres from the front of the rack and controlled by a portable 
time clock set to a 14:10 LD cycle with lights on at 0800. 

Powdered food (GR 2+, Clark King) was provided in jars 
placed just inside the door of the cage. Tap water was avail- 
able from drinking nipples at the rear of the cage. The com- 
mon water source was a tank mounted on the top of the rack. 
Activity wheels were mounted on doors at the front of the 
cages. 

Running wheel counts were accumulated and sampled 
every fifteen minutes by a real-time data acquisition and con- 
trol computer, which saved these data for subsequent 
analysis. 


Procedure 


Days one to 20, in which food was available ad lib, pro- 
vided the pre-test baseline (Condition 1). In Condition 2, 
lasting 11 days, food was available from 1000-1200 each day. 
This was followed by 14 days during which food was availa- 
ble from 1700-1900 (Condition 3), 6 days when food was 
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available from 1000-1200 (Condition 4), 7 days with the meal 
from 1700-1900 (Condition 5), 7 days with the meal from 
1330-1530 (Condition 6) and 6 days of post-test baseline 
(Condition 7) in which food was again available ad lib. 

During Conditions 1 and 7, food was replenished every 
second day at random times during the light period to ensure 
that rats did not entrain to the experimenter entering the 
laboratory at a particular time. The laboratory was entered 
only on these occasions. Cages were cleaned weekly after 
replenishing food and water during the ad lib periods. During 
food restriction the laboratory was entered only for food 
presentation and removal, and cage cleaning. Activity was 
not sampled while the experimenter was present in the lab- 
oratory, either during the one to two minutes when the rats 
were being fed, or at the end of the feeding period when food 
was removed and the rats were weighed. The rats were 
weighed after the feeding period to avoid interference with 
anticipatory activity. Water was available ad lib throughout 
the experiment. 

On the days when the meal was shifted from an early to a 
later time, rats were fed not at the early time, but only at the 
later time. When the meal was shifted from the later to an 
earlier time, rats were not fed at either time on that day, but 
received their next meal at either 1000 or 1330 the next day; 
there were then two days (46 and 60) when the animals were 
not fed at all. This procedure allowed study of wheel running 
activity during and after the time at which the meal had 
formerly been available. 


RESULTS 


The data were plotted by a computer. The density of the 
plot is directly proportional to the number of revolutions of a 


running wheel. Figure 1 depicts running-wheel activity for a 
typical rat over the entire experiment. 

Wheel running increased as the experiment progressed. 
All animals, in all conditions, showed anticipatory activity 
before meals and some nocturnal activity. In Conditions 3, 4 
and 6, there was some activity associated with the previous 
meal time, especially in Condition 4. Rats acquired their 
anticipatory behavior more quickly in the later than in the 
earlier conditions. Finally, on days when rats were deprived, 
running persisted during the former meal time. 


DISCUSSION 


The increase in the total activity of deprived rats is con- 
sistent with previous findings [4,28]. Similarly, the extra ac- 
tivity before meal times is consistent with the literature re- 
viewed earlier. The phase shifting observed in Conditions 3, 
4 and 6 and the absence of such shifts in the other conditions 
represents entrainment of activity to meal feeding. In Condi- 
tion 5, the transients may be masked by the extra activity 
before the new meal. Hence at least some component of the 
anticipatory activity was probably unrelated to the putative 
meal-entrained oscillatory system which produced these 
transients. This conclusion in conjunction with the observa- 
tion that anticipatory activity appeared to be acquired more 
quickly in the later conditions led to a further, simpler, ex- 
periment designed to study acquisition of anticipatory wheel 
running at a single meal time. 


EXPERIMENT 2 


In Experiment 2, by restricting meals to a single time of 
day, the rate of acquisition of anticipatory running was 
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FIG. 1. Wheel running plots for a typical rat from Experiment 1. Vertical lines indicate the start of a two-hour meal. Rats 
were not fed on those days indicated by the two narrow horizontal bands and were fed ad lib in conditions | and 7. 


studied without any confounding or masking effects of other 
meals. This also allowed a clearer picture of transients asso- 
ciated with a meal after the re-introduction of ad lib feeding. 


METHOD 
Animals 


The animals were twelve experimentally naive, male, 
Long Evans hooded rats, weighing 270-370 g (mean 332 g) 
and about 100 days old at the beginning of the experiment. 


Apparatus 


Rats were individually housed in wire mesh cages measur- 
ing 20x23 x33 cm, in a three tier, 12 cage rack. The labora- 
tory size, air temperature and lighting were the same as for 
Experiment 1. Rats could see other rats only while they were 
in the running wheels fitted to the outside of each cage door. 

Water and number of running wheel counts were sampled 


every 15 minutes by computer. Powdered food (GR 2+, 
Clark King) was available from food cups mounted on flat 
springs with strain gauges attached [3]. During periods of 
food restriction, food cups were replaced by empty cups to 
prevent animals escaping through the metal tunnel which 
provided access to the food cup. Tap water was obtained 
from individual cups with drinking nipples protruding into 
the rear of the cage adjacent to the food tunnel. 


Procedure 


Initially, for 15 days food and water were available ad lib 
(Condition 1). This was followed by 21 days during which 
food access was restricted to 1400-1600 (Condition 2), 7 days 
during which food and water were again available ad lib 
(Condition 3), 7 days when food was available only between 
1400-1600 (Condition 4), and 3 days, in which food was again 
available ad lib (Condition 5). In all other respects, proce- 
dure was similar to that of Experiment 1. 





RESULTS 


To evaluate the rate of acquisition of anticipatory activity 
in Conditions 2 and 4, the number of wheel revolutions for a 
period two hours before the meal was taken to be the de- 
pendent variable. The data for the first 7 days in each condi- 
tion were converted to proportions of the count for day 7 in 
order to control for the general increase in activity during the 
experiment observed in Experiment 1. Because of difficul- 
ties with equipment, data from only 10 rats were analyzed. 

The proportion of anticipatory running for each animal 
over the seven days was subjected to a least squares fitting of 
the function, Y = C + A X°. It was first established that this 
function gave better goodness of fit than did linear, 
logarithmic and power functions. From the fitted curves the 
initial slope of the function was determined (Table 1). Of the 
10 rats, 9 showed steeper initial slopes in Condition 4 than in 
Condition 2, (p> =0.011; sign test). 

The mean percentage of diurnal wheel running increased 
from 18 during Conditon 1 to 58 during Condition 2, reaching 
a stable level by the eleventh day, and reverted to 16 during 
Condition 3 (ad lib). This percentage had increased to 59 in 
Condition 4 and reached a stable level by the third day. In 
Condition 5, by the third day of ad lib feeding these values 
had decreased to below pre-experimental levels. In Condi- 
tion 2 rats ran less in the dark period but had a prolonged 
burst of activity late in the light period (Fig. 2). 

In Condition 2 only 20% of the total drinking occurred 
during the 2 hour meal (Table 2). This represents about 32% 
of drinking during the light. While the onset of drinking ap- 
peared to coincide with the offset of food intake, drinking 
continued for several hours after food was no longer availa- 
ble (Fig. 3). This drinking continued in the early portion of 
the dark period, but very little drinking was evident during 
the later stages of the dark. A similar pattern was evident in 
Condition 4 where only 22% of the total daily water intake 
appeared to be directly associated with food intake. This 
represents about 40% of drinking during the light. 

From Table 3 it can be seen that food consumption during 
the meal feeding conditions was reduced to approximately 
45.75% of the values in the pre-experimental baseline. The 
mean food intake during the second and third ad lib condi- 
tions (Condition 3 and Condition 5) showed a substantial 
increase over the initial value. This increase was evident 
both during light and dark periods but was more pronounced 
in the light. The initial percentage of dirunal eating was 
rather high. Diurnal feeding normally varies from 10 to 30 
percent [2]. 


DISCUSSION 


Experiment 2 yielded some evidence for a learned com- 
ponent in anticipatory activity. Even when the anticipatory 
wheel running data for Conditions 2 and 4 were adjusted to 
proportions in order to give them equivalent absolute values 
on the seventh day, marked differences in rate of acquisition 
were observed. This apparently learned component may well 
account for the observation made in Experiment | that rats 
appeared to anticipate a new meal even while showing tran- 
sients associated with a previous meal time. There may be a 
peak in a meal-associated rhythm which is masked when ad 
lib feeding is introduced, but is revéaled once meal feeding is 
recommenced [8]. 

In this experiment, no transients were observed after the 
end of restricted feeding. This suggests that, if these tran- 


COLEMAN, HARPER, CLARKE AND ARMSTRONG 


TABLE | 


ACQUISITION OF ANTICIPATORY RUNNING DURING RESTRICTED 
FEEDING SCHEDULES 





Condition 2 Condition 4 


Goodness Goodness 
Slope of fit of fit 





.016 - F .83 
.006 : . 11 
Mo 





sients indicated an underlying rhythm entrained to food re- 
striction schedules, then ad lib feeding masked the behav- 
ioral manifestations of such a rhythm. Such a conclusion is 
consistent with the finding that, under total deprivation, ac- 
tivity occurs at the time of a previous meal [1,32]. The depri- 
vation period in the previous studies was only two or three 
days, hence it is not possible to determine whether the ob- 
served transients were damped oscillations or a robust free 
running rhythm. 

The increase in diurnal drinking in the present experiment 
coincided with the encroachment of previously nocturnal 
activity into the later part of the light period. This suggests 
that the rhythm underlying water intake became entrained by 
restricted feeding (Figs. 2, 3). During Conditions 2 and 4, 
both running and drinking extended well into the light and 
ended well before the end of the dark. During Conditions 1, 3 
and 5 both drinking and running were predominantly noctur- 
nal and persisted throughout the dark. 


EXPERIMENT 3 


If ad lib feeding masks, rather than abolishes, a meal- 
entrained oscillator, then by interleaving periods of total 
deprivation with ad lib feeding after a rat has become 
entrained to a restricted feeding schedule it should be possi- 
ble to follow the free-running time course of this rhythm. A 
third experiment was conducted to explore this possibility. 


METHOD 


Animals 


Twelve male Long Evans hooded rats which had been 
previously entrained to restricted feeding schedules in an- 
other experiment (unpublished) were used. Before the pres- 
ent experiment they had spent 48 days in ad lib feeding con- 
ditions, the first 21 days in DD and the last 27 days in LD. 


Apparatus 

The apparatus was similar to that used in Experiment 2 
except that the rack housed 24 rats. 
Procedure 


All rats were maintained for 42 days in LD 14:10 with 
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FIG. 2. Wheel running plots for a typical rat from Experiment 2. Vertical lines indicate the start of a two-hour meal. Rats 


were fed ad lib in conditions 1, 3 and 5. 


lights on at 0700 and meal fed daily for two hours at 1300. At 
the end of this period, 6 rats were fed ad lib beginning at 1300 
and the remaining 6 rats were deprived for 3 days beginning 
at 1500. This was done to determine whether ad lib feeding 
actually abolished any food associated rhythm or merely 
masked it. If the latter, the deprived rats would be active at 
the former meal time whereas the fed rats would not. At the 
same time as this change in the feeding schedule was intro- 
duced, the lighting condition was changed to DD to permit 
the study of free running rhythms. On the 12th day of DD, all 
12 rats were deprived for 3 days, then deprived again for 3 
days beginning on day 23 and then again beginning on day 34. 
Thus while in DD, rats were deprived for 3 day periods in- 
terspersed with periods of ad lib food availability. These 
repeated deprivation episodes for both groups would show 
whether activity associated with the former meal persisted, 
or damped out as has been previously reported [12]. 


RESULTS 


A typical running wheel activity plot for rats which had 
been deprived for three days immediately after restricted 
feeding is presented in Fig. 4. An example from those 


animals fed ad lib immediately after restricted feeding is 
given in Fig. 5. Rats placed on ad lib feeding did not run at 
the former meal time; deprived rats showed a burst of activ- 
ity at the former meal time. Further, subsequent deprivation 
periods of 3 days resulted in bursts of activity; these were 
clearly distinct from a free running activity rhythm associ- 
ated with the dark portion of the previous LD cycle. By the 
last deprivation period, the burst of activity had, to various 
degrees, merged with the free running activity rhythm asso- 
ciated with the cycle of light and dark. 


DISCUSSION 


The findings of Experiment 3 show that short periods of 
deprivation can be used to monitor the phase of a rhythm 
which has previously been entrained to a restricted feeding 
schedule. As a consequence, the major criterion for the 
identification of an endogenous rhythm, that is, the demon- 
stration of a free running rhythm, can be used for meal 
entrained activity rhythms. 

Further, the periodicity of the meal-entrained activity 
rhythm was different from that of the LD-entrained activity 
rhythm; the latter peaks during the subjective night. After 34 
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FIG. 3. Drinking plots for a typical rat from Experiment 2. Conventions are the same as in Fig. 2. 


TABLE 2 
WATER INGESTION (g) DURING EXPERIMENT 2 





Condition 2 3 


during during during during 
2-hr rest of 2-hr rest of 
meal light meal light 





During 8.10 17.08 9.46 14.30 


light 


During 
dark 


Total 


Intake in 
light, % 


25.18 
15.80 


41.01 


19.75 41.65 
60.96 


23.76 
18.53 


42.29 


22.37 33.81 
56.31 
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FIG. 4. Double-plotted running wheel activity for typical rat from Experiment 3. Rats were meal-fed at 1300 under an LD 14:10 schedule. At 
DD, lighting was changed to constant dark. Subsequent horizontal bands indicate periods of ad lib food availability interleaved with periods of 


total food deprivation. 


TABLE 3 
FOOD INGESTION (g) DURING EXPERIMENT 2 





Condition 1 





During 
light 


During 
dark 


Total 


Intake in 
light, % 





days in DD with no daily feeding schedules, the two activity 
rhythms no longer had the phase relationships observed on 
the first day of DD. A closer inspection of Figs. 4 and 5 
suggests that, although the activity burst associated with 
meal feeding had shifted towards the activity associated with 
the subjective night by the last deprivation period, the two 
bursts of activity remained quite distinguishable. 

Finally, ad lib food availability may mask a behavioral 
manifestation of the rhythm previously induced by the re- 
stricted feeding schedule in a manner analogous to the ef- 
fects of light on an entrained activity rhythm after a phase 
shift in the LD cycle [13,31]. Ad lib food availability did not, 
as had been previously suggested [33], abolish the rhythm. 


Several aspects of Experiment 3 call for some caution in 
interpretation. First, care has been taken not to identify the 
activity rhythm which peaks during the subjective night with 
the SCN-mediated rhythm, because it has yet to be demon- 
strated that the persisting rhythm associated with previous 
meal feeding is not mediated by the SCN. The fact that 
anticipatory behaviour persists in SCN lesioned rats does, 
however, suggest that the observed persistent rhythm is dis- 
tinct from the SCN-based rhythm. Second, the free running 
bursts of activity associated with previous meal feeding are 
interpreted here as the behavioral manifestation of an endog- 
enous rhythm. Further research must be conducted to estab- 
lish the characteristics of such a rhythm. Finally, it is not 
known whether periods of total deprivation produce phase 
shifts in the meal-associated activity rhythm, thereby com- 
plicating the interpretation of the results. 


GENERAL DISCUSSION 


The role of learning in the acquisition of anticipatory ac- 
tivity is not clear. There is a persistence in DD of the meal 
associated rhythm; this rhythm has a period not substantially 
different from 24 hours at least for the first 10 days—Figs. 4, 
5. In Experiment 2 there may, therefore, have been a 
masked, residual peak in the activity rhythm which was 
reasserted when the second meal feeding period (Condition 
4) began. One curious aspect of the meal-induced rhythm is 
that it appears possible to induce more than one peak. Previ- 
ous researchers have entrained rats to two meals suc- 
cessfully [8,15]; in our Experiment | transients associated 
with a previous meal persisted concurrently with the rise in 
anticipatory behaviour associated with a new meal time. 

Whether the meal-induced free-running circadian activity 
observed in Experiment 3 is controlled by the same oscillator 
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FIG. 5. Same as Fig. 4. 


as that postulated to control the plasma corticosterone 
rhythm which becomes entrained to restricted feeding 
[21,22] has yet to be demonstrated. 

The speculative analogy which may be drawn between 
anticipatory behavior with its associated oscillator and noc- 


turnal activity and its associated oscillator may provide a 
rich source for future research. (1) Can a phase response 


curve similar to that postulated for light-entrained rhythms 
[30] be identified for meal-entrained rhythms? (2) Does the 
ventromedial hypothalamus [19] play a role in meal- 
entrained rhythms similar to that of the SCN in light- 
entrained rhythms? (3) Can either of the entraining agents, 
food or light, entrain either oscillator? Some evidence cited 
earlier [14] suggests that this is possible. 
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MASSARO, T. F., M. MOHS ANDG. FOSMIRE. Effects of moderate zinc deficiency on cognitive performance in young 
adult rats. PHYSIOL. BEHAV. 291) 117-121, 1982.— Two experiments were conducted to establish a dietary zinc level 
which approximates a moderate deficiency in the young adult rat and to determine if a concurrent zinc deficiency affects 
cognitive performance. Male rats were fed varying levels of zinc in diet throughout a 17-day period. The lowest dietary 
level that depressed serum and bone zinc without influencing food consumption or body weight gains was observed to be 
5.8 wg Zn/g diet. Young adult rats maintained on either a zinc adequate (24.4 wg Zn/g) or low-zinc (5.3 wg Zn/g) diet were 
tested in a modified Skinner Box involving tests of visual, auditory, association, and discrimination learning. No differ- 
ences were observed in the visual discrimination performance of the zinc deficient animals when compared with control 
counterparts. Deficits in the ability to transfer a learned association between visual and auditory stimuli were observed, 
however, in the deficient group during the transfer test phase. The latter performed better during the final auditory 


discrimination task in transferring a learned food-relevant cue. 


Moderate zinc deficiency 


Association learning Rat 





A SEVERE zinc deficiency (<1 mg/kg diet), imposed either 
during gestation or lactation in the rat, adversely affects the 
behavioral outcome of the offspring. In the past decade, 
numerous studies demonstrated the long-term effects of pre- 
and postnatal zinc deficiency on various aspects of behavior, 
including avoidance conditioning [8], maze performance 
[14], conditional emotional response performance [10], dis- 
crimination learning [8], consummatory behavior [6,17], and 
several aspects of social behavior [7,16]. 

To our knowledge, no studies exist in the literature which 
have examined the effects of a concurrent moderate zinc 
deficiency on cognitive performance. The present study was 
undertaken, therefore, to (1) establish a dietary level of zinc 
which would result in a moderate deficiency in the young 
adult rat, and (2) examine the functional consequences of a 
concurrent zinc deficiency on several aspects of discrimina- 
tion and association learning. 


EXPERIMENT |: DETERMINATION OF MODERATE ZINC 
DEFICIENCY 


This experiment established a dietary zinc level that 
would depress serum and bone zinc concentration in the rat 
without adversely affecting either food consumption or body 
weight gain. 


Method 


From a total of 50 male Wistar rats, aged 45 days and 
weighing approximately 178 grams, 10 were randomly as- 
signed to each of five dietary groups. Rats in group | were 
fed a diet containing 5.8 wg Zn/g diet, group 2, 8.2; group 3, 
11.8; group 4, 15.1; group 5, 24.5. All animals within each 
group were fed ad lib the respective powder diet (see Table 


1) throughout a 17-day period and had free access to double 
distilled H,O from glass bottles fitted with stainless steel 
sipper tubes and silicon stoppers. 

Body weight of each animal was recorded at 3-day inter- 
vals, food intake, adjusted for spillage, was recorded daily. 
On Day 18, each animal was exsanguinated (5 ml of blood 
was removed via heart puncture) and right tibia removed for 
determination of zinc content by atomic absorption spec- 
trophotometry. All data were treated statistically by analysis 
of variance using repeated measure designs [20]; individual 
group comparisons were carried out employing Ducans 
Multiple Range Test. 


Results 


As evidenced by a nonsignificant Group x Days interac- 
tion, weight gain throughout the 18-day period was similar 
for all groups irrespective of the dietary zinc level, 
F(20,224)=0.811, p>0.05. The only significant main effect 
was that of Days, F(6,224)= 1080.5, p<0.001, indicating that 
all groups gained weight throughout the experimental period. 
Likewise, mean daily food intake was similar for all treat- 
ment groups throughout the experimental period, 
F(4,45)=0.579, p>0.05. As shown in Table 2, and as re- 
vealed by analysis of variance, both serum zinc, 
F(4,44)=9.57, p<0.001, and bone’ zinc values, 
F(4,43)=29.06, p<0.001, were significantly altered by di- 
etary treatment. Compared to groups fed 5.8 and 8.2 wg Zn/g 
diet, serum and bone zinc values were significantly greater 
(p<0.01) in those animals fed 24.5, 15.1, and 11.8 wg Zn/g 
diet. Nonsignificant differences were observed among the 
latter three groups with respect to either serum or bone zinc 
(p>0.05). 
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TABLE 1 
COMPOSITION OF BASAL DIETS 
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TABLE 2 
MEAN VALUES + S.D. OF SERUM AND BONE ZINC 





Percentage 
by Weight 


Mean Bone Zinc 
(ug/g) 


Mean Serum Zinc 
(ug/ml) 


Dietary Zinc 
ug Zn/gram 





Egg white solids, spray dried* 20.00 
Dextrose* 55.49 
Saltst 3.50 
Vitamin mix? 1.00 
Corn Oil* 10.00 
Alphocel hydrolyzed* 10.00 
Biotin§ 0.00002 
Calcium stearate, technicalf 1.00 





*Teklad Test Diets, Madison, WI. 

+American Institute of Nutrition zinc free mineral mix. Zinc car- 
bonate added to mixture after zinc free mineral mix was weighed for 
each dietary level. Total zinc content of diets determined by atomic 
absorption spectophotometry. For Experiment 1: 5.8, 8.2, 11.8, 
15.1, and 24.5 wg Zn/gram diet. For Experiment 2: before and after 
pelleting, 5.3 ug Zn/gram and 24.4 wg/gram diet for low zinc and 
control group, respectively. 

tAmerican Organization of Agricultural Chemist vitamin mix, 
Teklad Test diets, Madison, WI. 

§Biotin, purissima: Tridom Chemical Inc., Hauppauge, NY. 

{Fisher Scientific Co., Fairlawn, NJ; added as a lubricant for 
pelleting purposes. 


The behavioral effects of moderate zinc deficiency, em- 


ploying the lowest dietary treatment (~5.8 ug Zn/g diet), 
were determined in Experiment 2. 


EXPERIMENT 2: MODERATE ZINC DEFICIENCY—COGNITIVE 
PERFORMANCE 


Method 


Male Wistar rats, aged 45 days and weighing approx- 
imately 180 grams, were randomly assigned to either a zinc 
adequate (ZA) or zinc deficient (ZD) dietary group and fed 
ad lib a pelleted diet containing 24.4 wg Zn/g and 5.3 wg Zn/g 
diets, respectively. An additional 20 animals were randomly 
chosen, separated into two equal groups, and sacrificed at 
the initiation of the experiment in order to establish baseline 
values for both serum and bone zinc. Thereafter, randomly 
chosen nontested animals from each dietary group were sac- 
rificed on Days 13 and 18 to provide continual bone and 
serum zinc data. 

Each animal chosen for behavioral testing was individu- 
ally housed in a stainless steel laboratory cage and fed ad lib 
their respective diet prior to being placed in the testing 
chamber on Day 13. Following completion of testing, all 
animals were sacrificed on Day 18, and a single sample of 
blood was removed by heart puncture, and the right tibia 
removed for determination of zinc content by atomic ab- 
sorption spectrophotometry. Food intake, body weight, 
serum zinc, and bone zinc data were statistically analyzed by 
analysis of variance. 


Behavioral Testing Apparatus 


Four environmental test chambers were used for the 
measurement of association learning [15]. The basic operant 


0.973 + 0.211* 156.5 + 13.6* 
1.403 + 0.426* 188.5 + 18.0* 
1.824 + 0.618 222.6 + 28.5 
1.836 + 0.377 229.2 + 10.3 
1.977 + 0.267 249.7 + 31.1 


5.8 (n=9) 
8.2 (n=10) 
11.8 (n=10) 
15.1 (n=10) 
24.5 (n=10) 





*Statistical difference from Group 3, 4 and 5 p<0.01. 


conditioning apparatus consisted of a modified Skinner Box 
(Plexiglas chamber 26 x 26x 26 cm) enclosed in a sound-proof 
cubicle. A metal press bar, which protrudes 4 cm into the 
cage, was located on one wall of the chamber. On the oppo- 
site wall were two press bars, located 4 cm above the floor, 
and separated by 8 cm. A one-inch yellow lamp jewel, il- 
luminated by a 7'/2 watt lamp, was located 3 cm above each 
bar. A small cup, into which 45 mg food pellets (Noyes Pre- 
cision Food Pellets) were mechanically dispensed, was lo- 
cated below the dual press bars. Two three-inch speakers 
were located in the lid of the chamber over the food cup area 
and were connected to an audio generator. Each speaker 
emitted a tone pattern at a distinctly different frequency. The 
complete system, including test chambers and Coulbourn 
digital programming units, was fully automated to facilitate 
stimuli presentation and data collection. 


Behavioral Testing Procedure 


During Phase | of training, to obtain a food pellet, each 
animal was required to solve a visual discrimination prob- 
lem. The animal was first required to depress the single press 
bar to initiate the learning trial. One of the two lights, located 
on the opposite side of the cage, was randomly (50%) illumi- 
nated. If the animal attended to the visual cue and depressed 
the bar corresponding to the illuminated light, it received a 
single food pellet. If an incorrect bar was pressed, the animal 
was required to press the single bar again to initiate another 
learning trial. All trials were initiated by the animal rather 
than the experimenter, and it was unnecessary either to food 
or water-deprive the animals to insure acquisition of the vis- 
ual discrimination. Each animal remained in the initial phase 
of training until a minimum of 300 trials had been completed 
and an asymptotic performance achieved (>80% correct for 
five consecutive blocks of trials; 10 trials/block). Approx- 
imately 8 hours (range 5-10) were allotted to complete Phase 
1 of testing. Each animal which failed to meet the established 
criteria was classified as a nonperformer. 

Since the animals remained in the testing chamber 
throughout the study, all meals (ZA;ZD pellets) were ob- 
tained through successful completion of trials. 

Phase 2 of training, the association phase, commenced 
following attainment of the selected Phase | performance 
level. Two behavioral training groups were established 
within each dietary treatment. Each animal assigned to the 
experimental training condition (E) was exposed to a redun- 
dant auditory stimulus, simultaneously paired with a corre- 
sponding visual cue for 100 consecutive trials. Thus the 
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TABLE 3 
MEAN VALUES + S.D. OF SERUM AND BONE ZINC 





Day 0 


Bone Zinc 
(ug/g) 


Serum Zinc 


Treatment (ug/dl) 


Serum Zinc 
(ug/dl) 


Day 13 


Bone Zinc 
(ug/g) 


Day 18 


Bone Zinc 
(ug/g) 


Serum Zinc 
(ul/dl) 





186.30 + 15.27 
(n=10) 
195.60 + 14.60 
(n=10) 


161.60 + 24.80 
(n=10) 
160.60 + 27.52 
(n=10) 


ZA 


ZD 


177.25 + 14.24 
(n=4) 
118.75 + 10.01 
(n=8) 


229.90 + 29.25 
(n= 18) 
136.56 + 11.36 
(n=23) 


178.70 + 23.25 
(n= 18) 
98.47 + 19.40 
(n=23) 


234.50 + 14.61 
(n=4) 
158.12 + 10.24 
(n=8) 





sound pattern, emitted from the right speaker, was presented 
simultaneously with illumination of the right visual cue, and 
the sound pattern emitted from the left speaker presented 
simultaneously with the left visual cue. The other group, 
control training (C), received no redundant exposure to audi- 
tory stimuli—only an additional 100 trials of light presentation. 

Phase 3, the transfer of learning test phase, involved ran- 
dom presentation of one of two auditory stimuli in the ab- 
sence of the visual stimulus. Both groups were required to 
complete 450 trials during Phase 3. 

Phase 4, the final test phase, involved presentation for a 
second time of auditory stimuli for 300 consecutive trials. 
During Phase 4, each randomized tone was emitted simulta- 
neously from both speakers while still being paired with the 
same press bar it had been associated with during Phases 2 
and 3. In order to obtain a food pellet, each animal was 
required to associate a particular tone with its correct press 
bar regardless of the location of the tone. 

The difference in performance (number of correct re- 
sponses/10 trials during Phase 3—test phase) between those 
groups previously exposed to the simultaneous visual and 
auditory cues, plus those exposed to only visual cues, was 
taken as a measure of transfer learning. Differences in per- 
formance between groups in all other phases were taken as a 
measure of discrimination learning. Behavioral data. were 
subjected to nonparametric analysis employing the Wilcoxon 
Mann-Whitney W test [21]. 


Results 


Prior to entering behavioral testing on Day 13, no signifi- 
cant differences were observed in food consumption of mod- 
erately zinc deficient animals when compared to control, 
F(3,34)=0.441, p>0.05. Within each diet group a subgroup 
of animals, identified as nonperformers, failed to complete 
the behavioral testing sequence. Mean food intake of ZA 
nonperformers (23.0+2.8 g) on Day 12 was similar to ZD 
nonperformers (23.6+3.7 g) and did not differ (p >0.05) from 
those animals who completed the behavioral testing se- 
quence (ZA 21.5+3.1; ZD 24.2+3.8 g). 

The mean body weight on Day 12 was likewise compara- 
ble among ZA (242.0+6.9 g) and ZD (239.9+ 18.7 g) nonper- 
formers and performers (ZA 249.4+8.7 g; ZD 249.6+8.4 g). 

As shown in Table 3, bone zinc concentration (ug Zn/g 
bone) gradually increased in the ZA group from Day 0 
through Day 13 and remained relatively stable thereafter. In 
contrast, a reduction in bone zinc was observed in the ZD 
group throughout this interval as evidenced by a significant 


Diet x Time interaction, F(2,62)=46.57, p<0.01. Expressed 
on an absolute weight basis (ug Zn/bone), the zinc content 
per tibia remained static throughout the experimental period 
in the ZD group as evidenced by an average gain of only 1.75 
pg. The ZA group exhibited a steady increase in zinc content 
of bone, averaging 24.05 pug. 

As shown in Table 3, a similar effect was seen in serum 
zinc concentrations which gradually increased in the ZA 
group by Day 13 and remained relatively stable thereafter. In 
contrast, a reduction in serum zinc was observed in ZD 
groups throughout this interval, as evidenced by significant 
Diet x Time interaction, F(2,61)=20.63, p<0.01. 

One of the most striking behavioral characteristics dis- 
played by the moderately deficient animals was the in- 
creased incidence of ‘‘nonperformance.’’ Nonperformers 
were defined as those animals which did not reach the 
specified criteria during training (Phase 1) and failed to 
complete the subsequent phases of tests. Of the 22 ZA 
animals that began the testing sequence, 2 (9%) were 
classified as nonperformers. In comparison, of the 26 ZD 
animals that began the testing sequence, 8 (31%) were 
classified as nonperformers. Twenty ZA animals and 18 ZD 
animals completed all phases of training and testing. 

Behavioral performance of 20 ZA and 18 ZD animals met 
the specified criteria during Phase | of visual discrimination. 
No significant differences were observed in the mean 
number of trials to reach criteria between the ZA (152.5) and 
ZD (158.9) groups, respectively. Likewise, as shown in 
Table 4, performance in Phase 2 (association phase) was 
similar for all treatment groups. Compounding the visual 
stimulus with an auditory cue has no detrimental effect on 
performance of either the ZA of ZD-E during this critical 
phase of training. 

Differences in performance were observed, however, dur- 
ing Phase 3, the transfer of learning test phase. Zinc 
adequate-experimental animals, having prior experience 
with auditory cues, reached criteria in significantly (p<0.01) 
less trials when compared to all other groups (ZA-C, ZD-C, 
ZD-E). In contrast, the performance of ZD-E, having prior 
exposure to the auditory cue, did not significantly differ 
(p >0.05) from either the ZA-C or ZD-C, having no previous 
exposure to the test stimulus. 

As shown in Table 4, ZA-C animals performed better dur- 
ing Phase 4 (simultaneous tone presentation), reaching 
specified criteria in significantly less trials (215.5) when 
compared to the ZA-E (323.0) animals (p<0.01), whereas 
ZD-C (97.8) did not differ from ZD-E (176.7) in the number 
of trials to reach criteria (p >0.05). Of interest was the obser- 
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TABLE 4 
MEAN NUMBER OF TRAILS TO CRITERION* + S.D. 





Behavioral 


Treatment Phase 2 


Phase 3 Phase 4 





Zinc Adequate 
Control 
(n=10) 
Experimental 
(n=10) 

Zinc Deficient 
Control 
(n=9) 
Experimental 
(n=9) 


+ (111.5) + (117.3) 


(93.4) + (149.4) 


210.0 + (151.9) 8+ (93.6) 


242.3 + (114.7) (163.2) 





*>80% correct for 5 consecutive blocks of trials; 10 trials/block. 


vation that ZD animals, regardless of previous training and 
or performance during previous phases, made significantly 
fewer errors and reached criteria with less trials during this 
final discrimination task (p<0.01). 


DISCUSSION 


The present study demonstrates that a moderate, concur- 
rent zinc deficiency alters cognitive performance. Zinc defi- 


cient animals reached criteria on both the initial visual dis- 
crimination task and the final auditory task. This observation 
agrees with numerous reports providing evidence that simple 
stimulus-response learning if not impaired via dietary ma- 
nipulations [12]. The better performance of both ZD and 
ZA-C animals during the final discrimination phase probably 
reflects a gradual increase in motivation whereby the new 
auditory cues become better predictors of food reinforce- 
ment. Similar effects of diet-induced enhancement of appeti- 
tive learning have likewise been observed in the concur- 


rently and previously malnourished primate and rodent [11, 
12 97 


as fhe] 


The deficit in association learning observed in the present 
study is not a unique characteristic of zinc deficiency. Others 
have shown this basic style of learning to be impaired by 
early protein or caloric restriction in the rat [13], early infan- 
tile malnutrition in the primate [5], and, more recently, mod- 
erate, concurrent iron deficiency in the young adult rat [15]. 
The present study provides further evidence that nutrient 
deficiencies of short duration interfere with normal proc- 
esses involved in assocjation learning. 

The common mechanism(s), behavioral or biochemical, 
that are responsible for this observed deficit in performance 
remain speculative. Acute nutritional insults may force an 
animal to adopt a learning strategy for processing of biologi- 
cally meaningful information at the expense of other kinds of 


information [13], or nutritional deprivations may attenuate 
curiosity itself, which is a necessary component for devel- 
opment of cognitive potential [5]. However, the extent to 
which motivationally based changes in behavior are opera- 
tional under conditions of moderate nutrient deficiencies that 
produce no discernible effect on either food intake or utiliza- 
tion remain to be determined. 

One may explain the above findings through examination 
of behavioral characteristics displayed by ZD nonperfor- 
mers. These animals although comparable to ZA and ZD 
performers with respect to food intake and resultant weight 
gain patterns, were over-reactive to simple handling proce- 
dures, were often immobile in the testing apparatus, and 
frequently entered into a prolonged food and water depriva- 
tion (>72 hours), with no attempt to initiate the reinforce- 
ment contingency. Similar behavioral disturbances have 
been documented, not only in protein-calorie malnourished 
(unpublished observations) and zinc deficient animals [2,12], 
but also in animals with excess adrenal steroid levels [19]. 
Both zinc deficiency and protein restriction have also been 
shown to produce adrenal hypertrophy, hypersensitivity to 
ACTH, and increase in level of circulating corticosteroids [1, 
2, 4, 18]. In light of these observations, it has recently been 
suggested that many of the behavioral manifestations asso- 
ciated with zinc deficiency may be attributed to altered 
pituitary-adrenal function [9]. Unfortunately, however, little 
information is available depicting the effects of moderate 
zinc deficiency on these parameters. It is reasonable to 
suggest that a similar perturbation in pituitary-adrenal func- 
tion may result from a moderate nutrient deficiency. This 
altered function may lead to behaviors that block perform- 
ance of an animal in a particular task (nonperformers) or 
impair performance of an animal in tasks of association 
learning. Importantly, such a mechanism could help to ex- 
plain many of the coincidental behavioral similarities ob- 
served to result from dietary manipulations. 
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SHERMAN, B. S., F. K. HOEHLER AND A. A. BUERGER. Instrumental avoidance conditioning of increased leg 
lowering in the spinal rat. PHYSIOL. BEHAV. 29(1) 123-128, 1982.—-Five pairs of chronic spinal rats were trained to 
lower a hind leg and then were tested for retention using a counter-balanced instrumental avoidance paradigm in which one 
animal served as the experimental and the other as a yoked control subject. An additional three pairs of rats were used in 
this paradigm after their lumbosacral spinal cords had been removed by aspiration. The results indicate that the chronic 
spinal rat is capable of instrumental avoidance conditioning when leg lowering is the response, and that the lumbosacral 


spinal cord is essential for this phenomenon. 


Instrumental avoidance conditioning 


SPINAL rats [3] and frogs [10], as well as headless insects 
[11], have been reported to acquire and retain leg withdrawal 
due to instrumental avoidance conditioning. While sensiti- 
zation and response variability have been proposed as alter- 
native explanations of these data [6,8], experiments employ- 
ing both a test of retention in comparison with yoked control 
animals and a counterbalanced design provide evidence that 
the concept of learning is essential to account for the results 
of experiments on spinal vertebrates [4,5]. In all these previ- 
ous studies, the conditional response was withdrawal of the 
extremity. If this behavior is a form of learning, it should be 
possible to train spinal vertebrates to produce a different 
response, providing that the new response falls within the 
behavioral repertoire and physical limitations of the prep- 
aration. One possible alternative response is leg lowering. 
That spinal vertebrates can be conditioned to acquire and 
retain two responses which are opposite in direction would 
be additional evidence that this phenomenon is a form of 
instrumental avoidance conditioning. 

The purpose of this study was to demonstrate that the 
spinal rat could be conditioned to acquire and retain leg low- 
ering due to aversive stimulation delivered in an instrumental 
avoidance paradigm. 


METHOD 


A dorsal laminectomy under pentobarbitol anesthesia was 
performed on 16 female Sprague-Dawley rats which weighed 
250-350 mg. Only ten of these started the training procedure 
described below due to the criteria listed there. When neces- 
sary anesthesia was supplemented with Penthrane (Abbott 
Laboratories) and bleeding was kept to a minimum with a 





Spinal cord Rat 


Learning Memory Bielschowsky stain 


solution of thrombin (75 units/ml). The spinal cord was tran- 
sected between the T-12 and L-1 vertebrae and all dorsal and 
ventral roots at this level were cut. The muscle and skin were 
closed in layers and 250,000 units of penecillin G (Bicillin, 
Wyeth Laboratories) were injected intramuscularly into a 
fore leg. 

In an additional 13 animals, the spinal cord was destroyed 
by inserting an aspirator caudally through the dorsal 
laminectomy at T-12 and/or L-1 and removing all of the cord 
and most of the spinal roots caudal to the laminectomy. The 
bleeding was stopped and the layers closed as described 
above. Only six of these 13 animals started the training pro- 
cedure described below because of death or autophagia by 
the remainder; one of these three pairs became febrile after 
one run and was not run a second time. Hence, data were 
available from only 5 runs of the animals with destroyed 
spinal cords. 

Manual expression of urine was usually required for both 
preparations; warm water run over the hind quarters for 5-15 
minutes increased the ease of bladder crede. 

The animals were allowed at least one week to recover 
from surgery before any training was initiated. A typical 
animal with a laminectomy began training 10 days after 
surgery; the longest interval was approximately 3 weeks. 
Most animals with their spinal cords destroyed were run 7 to 
10 days after surgery as they were much more fragile. Any 
animal with peripheral autophagia was discarded. No rat 
with a laminectomy was used until it exhibited excellent flex- 
ion reflexes, usually with demonstrable clonus. Both the 
completeness and level of transection or destruction were 
verified at autopsy, and a random sample of the animals’ 
spinal cords were cut in 15 micron sections and stained using 
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a modified version of Bielschowsky’s silver techniques in 
which the gold chloride toner was omitted [9]. 

The animals were randomly paired; one animal from each 
pair was designated as the experimental (E) animal and the 
other as the yoked control (C) animal. During training and 
testing, the animals were securely restrained in a wire mesh 
tube and placed over a water-filled basin. They were posi- 
tioned in these tubes so that their hindquarters hung freely 
over the basins. Backward movement of the leg to be tested 
was restricted by a taut ligature secured around the tarsals 
and/or metatarsals and also to a point approximately 20 cm 
anterior to the animal. The controlateral leg was taped out of 
the way. 

The legs of the rats, following the cord transection, hung 
freely below their body when placed in the mesh holder. In 
approximately one of ten animals, the legs and feet become 
deformed and twisted due to muscle atrophy or contracture. 
Instead of hanging freely when in the mesh tubes, the hind 
limbs of these rats were flexed close to their body and 
twisted medially. With the leg and foot oriented in this man- 
ner, it was extremely difficult for the leg to lower. These rats 
were, therefore, excluded from this study. 

All animals had a teflon coated (by American Durafilm 
Co., Newton Lower Falls, MA) stainless steel touch record- 
ing electrode, with the metal exposed for 0.5 mm at the tip, 
taped onto the foot so that it hung approximately 5 cm below 
the foot. Due to the teflon insulation, no current passed from 
the electrode to the animal. Electrical stimulation was deliv- 
ered to the animal’s leg between a platinum shock electrode 
that was inserted through the dorsum of the foot and a stain- 
less steel ground electrode that was inserted about 3.5 cm 
into the colon. 

The instrumental avoidance conditioning paradigm was 
divided into three periods: the baseline period, the training 
period, and the testing period. 

Before the baseline period, the touch electrode of each 
animal was adjusted so that it was out of the solution 80 to 
90% of the time during a period of five minutes. Following 
this, the stimulus intensity was adjusted such that after a 
stimulus each animal barely and consistently raised and then 
lowered its leg, moving the touch electrode into and out of 
the fluid. The stimulation was delivered via a Grass S-88 
stimulator at a frequency of 1-4 Hz for 0.01 to 0.1 msec at a 
voltage between 10 and 100 volts. The fluid level was ad- 
justed after the stimulus parameters were chosen, so that the 
touch electrode was again out of the solution 80 to 90% of the 
time. A 5-10 minute shockless baseline period then preceded 
the training period. 

During the training period which began at the end of the 
baseline period, both the E and C animals received shocks 
contingent upon the E animals leg position, that is, when the 
E animal's touch electrode was not in contact with the fluid 
in the basin below the animal, both animals received shocks. 
Shock to both animals was terminated when the leg of the E 
animal was lowered such that the touch electrode contacted 
the solution. When a touch electrode entered the liquid a 
circuit was completed which caused a low current electronic 
switch to drive two sets of relays. One relay controlled 
stimulus delivery and the other produced a voltage shift on 
an ink writer (Grass 7B Polygraph). The E animal, therefore, 
received stimuli as a function of its leg position, while the C 
animal received the same stimuli irrespective of its leg posi- 
tion. 

During the first few minutes of the training period the 
ligatures were checked; if they required adjustment the 
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baseline period was repeated. Whenever a two minute 
shockless period occurred, the level of the fluid was lowered 
until the touch electrode was barely out of the solution caus- 
ing the animal to be stimulated. 

As an initial criterion a two minute shockless period was 
used. If the experiment achieved this criterion, the fluid was 
lowered until this animal was shocked; the process was re- 
peated until the leg was lowered 2 mm or until no criterion 
was reached after 30 minutes of training since achieving the 
last criterion. After an animal had lengthened its leg 2 mm 
data from it were no longer included in the results reported 
here. 

The testing period began immediately after the training 
period. During the testing period, the animal received shocks 
contingent only on its own leg position. The same procedure 
used on the E animal during the training period was repeated 
for both rats in the testing period; that is, a baseline was 
established by setting the fluid level such that the touch elec- 
trode was out of the solution 80 to 90% of the time; both 
animals were conditioned; and the solutions were lowered 
until the touch electrode was barely out of the fluid 
whenever a two-minute shockless period occurred or the 
experiment was ended when an animal failed to reach crite- 
rion in 30 minutes. The extension criterion was the same as 
during training: a total leg extension of 2 mm. 

A counter-balanced design was used. During the first run 
the same leg was trained for both animals. In the second run 
(1-5 days later) the contralateral legs were used; however, 
the E and C animals were reversed, so that the E animal on 
the first run was the C animal on the second run and vice- 
versa. 

Five pairs of spinal rats were used. Due to the counter- 
balanced design they yielded 10 pairs of conditioning ses- 
sions. From the records of the ink-writer, the percentage of 
time a particular leg spent in the solution during each minute 
was measured for the baseline, training, and testing periods. 
The relative contributions of order by presentation, pairs, 
and treatments were then calculated using a two by two fac- 
torial analysis of variance. 


RESULTS 


Animals with Intact but Transected Spinal Cords 


Histology 


The sections stained with the modified Bielschowsky 
silver stain revealed that all of the examined animals had 
complete spinal cord transections with only connective tis- 
sue in the transected area and without any axons crossing 
this area. 


Conditioning of Leg Lengthening Response 


Baseline. There was no significant difference between the 
experimental group and its yoked control during the baseline 
period (F<1). However, there was a significant interaction 
between order of training and groups, F(1,4)=14.65, p<0.05; 
that is, animals previously trained in the experimental group 
spent less time in the fluid than did completely naive animals 
or animals previously trained as yoked controls. This effect 
probably resulted from the procedures used to set the shock 
intensity and the initial fluid level. The several shocks re- 
quired to determine an appropriate intensity may have 
evoked some amount of conditioned leg extension in the 
subjects previously trained to avoid shock with that re- 
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TABLE 1 
MEAN PERCENT OF TIME ABOVE THE AVOIDANCE RESPONSE CRITERION (PERCENT TIME IN THE FLUID) 





Cord Transected 


First run 


Yoked-Control 
Animals 


Experimental 
Animals 


Experimental 
Animals 


Cord Destroyed 


Second run 


Yoke-Control 
Animals 


Experimental 
Animals 


Yoke-Control 
Animals 





Baseline 16.4 24.7 21.6 
82.7 3.4 81.9 


Testing 89.4 46.3 89.7 


Acquisition 


11.1 16.6 
26.5 13.8 
20.3 27.7 





sponse. If the initial fluid level was set during a period of 
transient lowering, then the proportion of time spent in the 
fluid might tend to decrease during the shock-free baseline 
period. Because of this effect, Table | shows all percent- 
response scores separated in order of training as well as 
contingency. 

Acquisition. As is shown in Fig. 1, subjects trained with 
the avoidance contingency spent far more time in the fluid 
than did their yoked controls, F(1,4)=2365, p<0.001. Over 
the entire training period, the *‘worst’’ subject in the experi- 
mental group spent 76% of its time in the fluid while the score 
for the “‘best’’ yoked control was only 29%. If we examine a 
measure of change from the baseline (acquisition minus 
baseline), the *‘worst’’ experimental subject receives a score 
of 32% while the *‘best’’ yoked control receives a score of 
20%. Furthermore, the small increases observed in the 
yoked control group occurred only when the contralateral 
leg had previously been trained under the avoidance contin- 
gency resulting in a significant interaction between contin- 
gency and order of training, F(1,4)=8.27, p<0.05. It should 
also be noted that the avoidance acquisition procedure was a 
graded one similar to that used by Chopin and Buerger [4,5] 
since whenever a subject attained a score of 100% for two 
minutes, its fluid level was lowered. This occurred one to 
four times (mean=2.8) in the avoidance group but was never 
observed in any yoked control. 

Testing. During the testing period, the experimental and 
control groups were both trained by avoidance contingency 
and, as might be expected, the control subjects tended to 
increase their avoidance scores. However, they were still 
inferior to the experimental group, F(1,4)=43.93, p<0.01. 
The interaction between groups and order of training which 
occurred during the acquisition period was no longer signifi- 
cant (F<1). 


Animals with Spinal Cord Destroyed 


Animals with spinal cords destroyed showed no reliable 
effects of the avoidance conditioning procedure. Although 
the group data shown in Fig. | and Table | indicates a slight 
superiority of the experimental group during the acquisition 
period, that effect was not statistically significant regardless 
of whether direct percentage scores or acquisition-minus- 
baseline scores were compared (t’s=<2.02, dfs=4, 
p’s>0.05), nor was that effect maintained during the testing 
period (t’s<1). In all, only six out of ten preparations showed 


any tendency to increase their avoidance scores during the 
operation of the avoidance contingency. 
DISCUSSION 

Previous experiments have shown that spinal rats can be 
trained to maintain leg raising using an instrumental 
avoidance contingency [3, 5, 6]. Similar results have been 
reported in studies using spinal frogs [10] and headless cock- 
roaches [11,14]. The present experiment indicates that spinal 
rats can also be trained to maintain leg lowering when that 
response precludes delivery of an electric shock. The basic 
question to be answered is whether or not this behavior can 
properly be described as instrumental learning. The fact that 
both leg raising and lowering may serve as avoidance re- 
sponses suggests a greater amount of behavioral plasticity 
than can be accounted for by nonassociative mechanisms, 
but it should be noted that flexion and extension of leg joints 
were probably components of the reflex response to the elec- 
tric shock in this and previous experiments. Higher shock 
intensities producing only the withdrawal response would 
probably not permit conditioning of lowering since a re- 
sponse which never occurs can not be reinforced. 

The available data indicate that the isolated spinal cord of 
the experimental animal is able to select from its behavioral 
repertoire those combinations of joint extension and flexion 
which raise or lower a hind limb, depending upon the leg 
position which is being reinforced in an instrumental 
avoidance paradigm; the control animal responds much less 
appropriately. It is unclear whether groups of antagonistic 
motor units achieve this by flexing and/or extending an indi- 
vidual joint, or if larger portions of the isolated spinal cord 
achieve it in a more coordinated fashion using combinations 
of joints. 

In this context, the reasons for the usefulness of taut liga- 
ture around the tarsals and/or metatarsals are of interest. 
Without ligatures, some but not all animals yield results simi- 
lar to those using the leg withdrawal response reported pre- 
viously or to the leg lowering results reported here. How- 
ever, the variability of the data increases markedly. During 
conditioning of leg shortening without ligatures virtually all 
animals escape shock by rapid repeated extension of the 
entire hind limb, with a motion similar to that used in fast 
running and do not show this conditioning phenomenon until 
this ‘‘running’’ response has fatigued and/or habituated. It 
may be that, (1) the gluteal and hamstring muscles 
presumably required for the ‘‘running’’ response are not 
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FIG. 1. Percent time above criterion for rats with transected but intact spinal cords (upper panel) and with spinal cords 
destroyed (lower panel). The mean percentage of time animals performed the avoidance response (electrode in contact with 
the fluid) during one minute epochs is plotted against time. The vertical lines are standard errors. Baseline period: no 
shocks were received. Training period: experimental subjects (filled circles) received shock when the electrode was not in 
contact with the fluid while yoked-control subjects (open circles) received the same schedule of shocks as the experimental 
subjects with which they were paired. Training period: all subjects received shock when their own electrode was not in 
contact with the fluid. 
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capable of this conditioning phenomenon or, (2) the changes 
in the length of these muscles required to achieve the condi- 
tioning criteria are too great for the physiologic mechanisms 
underlying this effect. However, there are too little data to 
do more than speculate on this point. In any case this paper 
is focused on demonstrating the range of behavioral plastic- 
ity of which this preparation in capable using appropriate 
controls and not upon the excitatory and/or inhibitory 
physiologic mechanisms involved. 

The yoked control design represents an attempt to control 
for habituation and sensitization by equalizing the schedule 
and the frequency of shock presentation. However, Church 
and his associates [6, 7, 8] have sharply criticized the use of 
yoked controls in this and other conditioning preparations 
since differences between contingent and yoked control 
groups can often be explained without reference to learning 
and because total dependence on any one control procedure 
leads to both theoretical and practical difficulties. Consider 
the case in which a subject’s behavior can be separated into 
two distinct states (e.g., in or out of the fluid) with one of 
those states the location of aversive stimulation. If shock 
infliction does no more than increase the amount of random 
movement, transitions from the nonavoidance state to the 
avoidance state will be more probable than the reverse, and 
the subject will spend more time ‘‘avoiding’’ the shock. This 
effect would not, of course occur in the yoked controls. In 
this case, the superior performance of the ‘‘avoidance’”’ 
group would result not from conditioned associations be- 
tween position and shock but from the effects of position on 
the unconditioned responses to shock. This hypothesis can 
explain the superiority of the avoidance group during the 
acquisition period and would also predict the virtually im- 
mediate attainment of asymptotic levels of responding which 
is clearly shown in Fig. |. However, it can not explain the 
continued differential performance in the testing period 
when all subjects were trained using an instrumental 
avoidance contingency. In addition, Buerger, Eisenstein and 
Reep [2] have shown that the models of Church and others do 
not explain the behavior of cockroaches in an instrumental 
avoidance conditioning paradigm primarily because the pa- 
rameters of their Markov chain model do not match the be- 
havior of the animals; for example the analysis of Buerger e¢ 
al. [2] strongly suggests that the behavioral transitional mat- 
rices of the type defined by Church and others change with 
time, whereas, Church and other assume temporally stable 
transition matrices in their models. 

Furthermore, paradoxical apparent retention was 
demonstrated in the yoked controls because there was an 
impaired acquisition of the appropriate response during the 
testing period. Somewhat similar effects have been observed 
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in the headless cockroach preparation [14]. This phenom- 
enon may be similar to the “‘learned helplessness’’ reported 
by Seligman and Maier [13]. The long-term effects of previ- 
ous training with the contralateral leg are more difficult to 
assess because both inhibitory (during the baseline period) 
and excitatory (during the acquisition period) effects oc- 
curred. Although the experimental design was not adequate 
to warrant strong conclusions, we suggest that the test 
shocks given prior to the baseline period might tend to re- 
constitute *“‘memory”’ of the acquisition period in the same 
way that ‘“‘reminder’’ footshocks facilitate performance on 
memory tasks in intact rats (e.g., [12]). Thus, in pretrained 
subjects, leg lengthening was present during initial adjust- 
ment of the fluid level and, as the lengthening respnonse 
extinguished during the baseline period, percentage of time 
in the fluid was reduced. During the acquisition period, when 
shocks were again received, the lengthening response reap- 
peared. 

The absence of any significant behavioral change in the 
rats with destroyed spinal cords is consistent with the notion 
that a central associative process is responsible for the ap- 
parent avoidance learning in the rats with intact spinal cords. 
However, if Church’s hypothesis is correct, one might ex- 
pect an isolated nerve and muscle preparation to display 

,similar *‘pseudolearning”’ effects. In fact, the avoidance 
group did spend slightly more time in the fluid than the yoked 
control group and, with a larger number of subjects, that 
effect might be statistically significant, but this behavioral 
change is obviously not comparable with the performance 
displayed by the rats with intact but transected spinal cords. 

We have discussed the apparent learning shown by spinal 
rats in terms of the instrumental avoidance paradigm. Al- 
though this is operationally correct, note that this behavior 
may also be explained in terms of the conceptually simpler 
Pavlovian paradigm. According to this hypothesis, 
propriceptive feedback from muscle spindles and tendon or- 
gans serves as a conditioned stimulus for electric shock 
since, during avoidance training, shock is invariably associ- 
ated with a relatively shortened leg position. The present 
experiment can not exclude either the instrumental or the 
Pavlovian hypothesis, but it seems highly unlikely that the 
phenomena reported here can be explained without using 
concepts related to learning and memory. 
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HIRSCH, E. AND M. WALSH. Effect of limited access to sucrose on overeating and patterns of feeding. PHYSIOL. 
BEHAV. 29(1) 129-134, 1982.—Four groups of adult rats, housed on a 12-12, light-dark cycle, were allowed access to a 
nutritionally complete diet and water. Three of these groups were also offered a 32% solution of sucrose. The sucrose was 
available for either the 24-hour period, the 12 hours of light or the 12 hours of dark. Access to sucrose led to overeating and 
excessive weight gain. These effects were more pronounced when the sucrose was available for the 24-hour period or 
during the dark. Limited access to sucrose produced a reversal of the rat’s usual circadian pattern of feeding when the 
sucrose was available during the light and increased the rat’s nocturnal hyperphagia when it was available during the dark. 
Sucrose intake and the proportion of calories taken from sucrose were higher in the 24-hour access group and the dark 
access group than the light access group. Access to sucrose did not induce a pattern of dietary selection that compromised 
growth or health. It appears that access to a palatable carbohydrate solution can lead to overeating and major changes in the 
circadian organization of feeding behavior. These data emphasize the potent role that external factors can play in the 


control of ingestive behavior. 


Overeating Palatability Sucrose 


Circadian feeding rhythm 


Diet selection 


WHEN food and water are freely available to rats housed on 
a 12:12 light-dark cycle feeding and drinking occur predomi- 
nantly at night [12, 30, 31, 33]. Attempts to specify the 
determinants of this circadian feeding pattern have largely 
tried to link ingestion with endogenous fluctuations in hor- 
mones and associated metabolic processes [18, 19, 20]. Strik- 
ing relations have been demonstrated between the relative 
nocturnal hyperphagia of rats and the hormonal and 
metabolic events that underlie active fat synthesis [18, 19, 
20]. Conversely, during the light, when a relative hypophagia 
is observed, the rat’s metabolic profile indicates active 
lipolysis [18, 19, 20]. In addition to this correlation between 
the intensity of feeding behavior and metabolic events, the 
satiating capacity of food [14, 25, 27], the efficiency of food 
utilization [24], the behavioral and metabolic adjustments to 
restricted feeding [1,24], the feeding response to hypotha- 
lamic injections of norepinephrine [22], as well as the effects 
of manipulations of glucose [16,17], and lipid metabolism 
[19], that affect feeding behavior depend on the phase of the 
light-dark cycle. Data of this nature have provided strong 
support for the general hypothesis that the initiation and 
termination of meals are controlled by endogenous metabolic 
events that also produce the rat’s circadian pattern of feed- 
ing. 

In contrast to this metabolic hypothesis there is a growing 
body of evidence which reveals considerable plasticity in the 
feeding behavior of the rat. Feeding can be dissociated from 





endogenous physiological rhythms by requiring rats to lever 
press for all their food over the 24-hour period on increas- 
ingly demanding fixed ratio schedules of reinforcement [5,6], 
by making food more difficult to obtain during the dark [21], 
or by offering a more palatable diet during the light [26]. This 
latter effect is particularly striking in that there is a complete 
reversal of the rat’s usual circadian feeding pattern. How- 
ever, a recent attempt to replicate this phenomenon failed to 
find this reversal [9]. 

One purpose of the present experiment is to extend the 
study of palatability on the circadian organization of feeding 
behavior by using a different diet and by examining whether 
the effect of palatability on feeding behavior is symmetrical. 
Specifically this experiment is designed to examine whether 
the limited availability of a palatable sucrose solution will 
both reverse the rat’s usual nocturnal hyperphagia if it is 
available during the 12 hours of light and accentuate the 
usual pattern of ingestion if it is available during the 12 hours 
of darkness. A symmetrical effect of this nature would argue 
even more strongly for the primacy of environmental factors 
in the control of feeding behavior. 

A second purpose of the present experiment is to examine 
whether the limited availability of the sucrose solution influ- 
ences the overeating and excessive weight gain that occurs 
when adult rats have free access to a nutritionally complete 
diet and a separate source of sucrose [8, 10, 13, 15]. Two 
lines of evidence suggest that if restricted sucrose availabil- 
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ity is successful in reducing the overeating and excessive 
weight gain that occurs on this dietary regimen the effect 
should be larger during the light than the dark. First, Caston- 
guay [3] observed that excessive caloric intake only occurs 
at night when rats have free access to a complete diet and a 
sucrose solution. Secondly, in a dietary selection situation, 
with separate sources of a high protein diet and a non-protein 
diet, rats maintain the absolute level of protein consumed per 
meal throughout the 24-hour period but increase the non- 
protein content of their meals during the dark when they are 
hyperphagic [11]. These observations lead to the prediction 
that carbohydrate-induced overeating should be more 
strongly influenced by limited access to sucrose during the 
light. 


METHOD 
Subjects 


Twenty-four adult, male, Sprague-Dawley rats, obtained 
from Blue Spruce Farms (Altamont, NY), were used in this 
experiment. The animals were 270 days old at the beginning 
of the experiment. Four groups of six rats were used. They 
were matched on initial body weights. The average body 
weight for all groups was 589.5 grams. One week prior to the 
start of the experiment the rats were given ad lib access to 
powdered Purina chow. They were maintained on a 12:12 
light-dark cycle with the lights coming on at 9 a.m. Room 
temperature was maintained at 77°+1°. 


Apparatus 


Animals were housed individually in standard wire mesh 
cages (25.4 17.8 17.8 cm, Wahmann Mfg. Co., Baltimore, 
MD). Spill proof glass food cups (described in [32]) were 
attached to the rear of each cage. Water bottles with metal 
drinking spouts that entered 2 cm above floor level were 
attached to one side of the front of each cage. For 18 of the 
animals, a 100 ml calibrated water bottle was attached to the 
other side of the cage during the periods that sucrose was 
available. 

Sucrose solution was made up from commercially avail- 
able pure cane sugar and tap water. The 32% solution was 
determined on a weight-volume basis and mixed twelve 
hours prior to use, being left at room temperature for the 
duration of the period. 


Procedure 


The four groups used in this experiment differed in regard 
to whether they had access to a sucrose solution and when 
this access occurred. One group served as controls and had 
ad lib access to food and water (Chow). A second group had 
24-hour access to food, water and a 32% sucrose solution 
(24S). The third group had ad lib access to food and water 
and access to sucrose during the light phase of the day-night 
cycle (12L). The fourth group had ad lib access to food and 
water and 12-hour access to sucrose during the dark phase of 
the day-night cycle (12D). 

At 0900 (lights on) the dark cycle food consumption was 
measured for all four groups. The night consumption of su- 
crose was measured for groups 24S and 12D. All food cups 
were then refilled, sucrose was removed from group 12D and 
fresh sucrose was given to groups 24S and 12L. At 2000 (just 
prior to lights out) all animals were weighed and food con- 
sumption measured. The amount of sucrose consumed was 
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FIG. 1. Mean body weight in rats fed a complete diet or a complete 
diet for 24 hours and a 32% sucrose solution for 24 hours or 12 hours 
in the light or dark. 


recorded for groups 24S and 12L. At this time, the sucrose 
was taken away from group 12L and group 12D was given 
fresh sucrose. 

All measurements were accurate to within +1 g or ml. 
Spillage of the Purina chow, although infrequent, was col- 
lected and weighed. These 12-hour measurements and 24- 
hour body weights were recorded for 40 consecutive days. 
Water bottles were refilled as needed. 


RESULTS 
Data Analysis 


The data were analyzed by means of a one-way analysis 
of variance with days as a repeated measure. The Scheffe 
post hoc comparison [29], was used to determine which 
differences between groups were statistically reliable when 
the overall F ratio was significant at the p<0.05 level. 

Figure 1 shows the average body weights of the four 
groups over the course of the experiment. The three groups 
with access to sucrose did not weigh more than the chow 
controls, F(3,20)=1.36, p<0.05, but they did gain weight at a 
faster rate as indicated by a significant groups x days inter- 
action, F(117,780)=9.10, p<0.01. A post hoc analysis of the 
rates of weight gain revealed that groups 24S (1.92 g/day) and 
12D (1.64 g/day) gained weight at a significantly (p<0.01) 
faster rate than either group 12L (0.67 g/day) or the chow 
controls (—0.22 g/day). However, the small difference in the 
rats of weight gain of groups 24S and 12D was not statisti- 
cally reliable. Group 12L gained weight at a significantly 
(p <0.05) faster rate than the chow controls. 

This difference in the rates of body weight gain were 
largely accounted for by group differences in daily caloric 
intake. Figure 2 shows substantial group differences in 
caloric intake over the course of the experiment, 
F(3,20)=9.04, p<0.01. Post hoc analysis showed that groups 
24S and 12D consumed significantly more calories (p<0.05) 
than the chow controls but not more than group 12L. The 
control group maintained a very stable level of caloric intake 
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FIG. 2. Mean total caloric intake in rats fed a complete diet or a 
complete diet for 24 hours and a 32% sucrose solution for 24 hours or 
12 hours in the light or dark. 


over the course of the experiment. The three sucrose groups 
showed a gradual increase in caloric intake that reached a 
maximum between days 12-16 and then gradually declined to 
the initial level. This differential pattern of caloric intake 
over time led to both an effect of days on caloric intake, 
F(39,780)=8.96, p<0.01, as well as a significant groups x 
days interaction, F(117,780)=1.93, p<0.01. 

When total caloric intake is divided into consumption dur- 
ing the light and dark it is clear that the 12-hour availability of 
sucrose has a pronounced effect on the absolute levels of 
caloric intake during each 12-hour period. The upper panel of 
Fig. 3 shows this effect during the light phase of the day- 
night cycle, F(3,20)=54.63, p<0.01. Post hoc analysis re- 
veals that caloric intake was significantly (p<0.01) higher for 
group 12L than for any of the other groups during the light. 
Group 12D consumed significantly fewer calories (p<0.01) 
than the other two sucrose groups, but their level of intake did 
not differ from that of the chow controls during the light. The 
analysis of this data also revealed a significant effect of days, 
F(39,780)=8.71, p<0.01, as well as a significant groups x 
days interaction, F(117,780)=2.98, p<0.01. Both effects ap- 
pear to be due to the increase in light consumption shown by 
group 12L over time, the decrease shown by 12D and the 
stable levels of intake in the other two groups. The lower 
portion of this figure shows that the presence or absence of 
sucrose during the 12 hours of darkness also had a marked 
effect on caloric intake during this time period, 
F(3,20)=31.55, p<0.01. Post hoc analysis showed the same 
pattern of results that were observed during the light. The 
group that had access to sucrose during this 12-hour period 
(12D) consumed significantly more calories than the other 
three groups (p<0.01). The group that had access to sucrose 
during the light (12L) consumed significantly fewer calories 
during the dark than the other three groups (p<0.01). The 
caloric intakes of groups 24S and chow did not differ from 
one another. There was also a significant effect of days, 
F(39,780)=8.71, p<0.01, as well as a groups x days interac- 
tion, F(117,780)=4.50, p<0.01. Both effects appear to be due 
to the increase in dark phase intake for group 12D, the de- 
crease in dark phase intake for groups 12L and 24S and the 
relatively stable level of intake shown by the chow controls. 
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FIG. 3. Mean caloric intake during the light and the dark in rats fed a 
complete diet or a complete diet for 24 hours and a 32% sucrose 
solution for 24 hours or 12 hours in the light or dark. 
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Another perspective on the effect of sucrose on the cir- 
cadian pattern of feeding can be gained by examining the 
proportion of calories consumed during the light and the dark 
for the four groups. The upper panel of Fig. 4 shows that the 
presence or absence of sucrose had a pronounced effect on 
the proportion of calories consumed during the light, 
F(3,20)=67.27, p<0.01. Post hoc analysis revealed that 
group 12L showed the highest proportion (Mean=0.62) dur- 
ing this 12-hour period (p<0.01) and group 12D (Mean=0. 12) 
the lowest (p<0.01). The proportion of calories consumed 
during the light did not differ between the chow controls 
(Mean=0.26) and the 24-hour sucrose group (Mean=0.33). 
The proportion of calories consumed during the light also 
changed over time, F(39,780)= 12.50, p<0.01, in a differen- 
tial manner for the four groups, F(117,780)=4.50, p<0.01. 
Group 12L showed an increase, 12D a decrease and the other 
two groups maintained a relatively constant proportion of 
intake during the light over the course of the experiment. 

The lower panel of this figure shows the same data plotted 
in terms of the proportion of calories ingested during the 
dark. These values are the complement of the proportion of 
calories taken during the day and the analyses would be 
identical in terms of group differences. This figure is pre- 
sented to provide an alternative view of the same data. It is 
clear that both the chow controls and group 24S showed the 
usual mild nocturnal hyperphagia consuming 74% and 67% of 
their daily calories during the dark. Group 12D showed a 
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TABLE | 


CHOW INTAKE, SUCROSE INTAKE AND THE PROPORTION OF CALORIES TAKEN FROM 
SUCROSE DURING THE LIGHT, THE DARK AND OVER THE 24-HOUR PERIOD 





Chow (g) 


Light Dark Light 


Sucrose (ml) 


Proportion of calories 
from Sucrose 


Dark Total Light Dark Total 





6.01 16.95 
3.25 7.88 
3.85 9.99 
3.89 8.52 


0.683 0.612 
0.770 — 
_ 0.683 
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FIG. 4. Mean proportion of calories consumed during the light and 
the dark in rats fed a complete diet or a complete diet for 24 hours 
and a 32% sucrose solution for 24 hours or 12 hours in the light or 
dark. 





more marked nocturnal hyperphagia and consumed 88% of 
their caloric intake during the dark. Group 12L showed noc- 
turnal hypophagia and only consumed 38% of their daily cal- 
ories during the dark. 

Table 1 shows how access to sucrose during different time 
periods influenced chow intake, sucrose intake and the pro- 
portion of calories taken from sucrose. Separate analyses of 
chow intake during the light, F(3,20)=4.21, p<0.05, the 
dark, F(3,20)=30.43, p<0.01, and over the 24-hour period, 
F(3,20)=49.84, p<0.01, all revealed significant group differ- 


ences. In each case post hoc analyses showed that the su- 
crose groups consumed less chow than the controls but their 
levels of intake did not differ from one another. Over the 
course of the experiment the 12-hour sucrose groups showed 
a decline in chow intake whereas the level of intake in the 
other two groups was stable. This pattern of change 
produced a days effect on intake during the light, 
F(39,780)=4.51, p<0.01, the dark, F(39,780)=8.62, p<0.01, 
and the 24-hour period, F(39,780)= 16.37, p<0.01, as well as 
significant groups x days interactions in these three periods 
of time. 

Table 1 also reveals that if chow intake is considered 
independently from total caloric intake the three sucrose 
groups showed a normal circadian pattern of chow intake. 
These groups consumed approximately 70% of their intake 
during the dark. 

Total sucrose intake was influenced by the conditions of 
its availability, F(2,15)=5.68, p<0.01. Post hoc analysis 
showed that groups 24S and 12D consumed significantly 
more sucrose than group 12L (p<0.05). However, during 
both the light, 7(10)=2.84, p<0.01, and the dark, 1(10)=2.46, 
p<0.05, the limited access groups consumed more sucrose 
than the 24-hour access group. It is also clear from this table 
that the 24-hour access group showed a circadian pattern of 
sucrose intake and consumed 63% of their sucrose during the 
dark. 

Relative sucrose intake (proportion of calories consumed 
from sucrose) was also affected by the conditions of sucrose 
availability, F(2,15)=6.70, p<0.01. Post hoc analysis re- 
vealed that groups 24S and 12D took a higher proportion of 
their total calories from sucrose than group 12L. Although 
this value was higher for both limited access groups than for 
the 24-hour access group during the period of limited availa- 
bility these differences did not prove to be statistically reli- 
able. Similarly the proportion of calories taken from sucrose 
did not differ between the two 12-hour access groups when 
the period of sucrose availability was considered. 


DISCUSSION 


The omnivorous feeding strategy of the rat allows consid- 
erable flexibility in regard to what foods are eaten [4,28]. 
One implication of this versatility is that feeding behavior in 
the rat should also be opportunistic. Rats have evolved in 
relation to capricious environments that yield food resources 
of unpredictable quality and quantity. In the face of this 
variability one advantage that accrues to the omnivore is the 
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capability of consuming whatever edible foods are 
encountered on a short-term basis. Any excesses or de- 
ficiencies of that item can be corrected on a long-term basis 
by the elaborate behavioral and physiological mechanisms 
that govern caloric regulation and dietary selection in the 
omnivorous rat. Previous work has shown that the compo- 
nents of foraging behavior in the rat respond to variations in 
the cost of food items in a manner that is consistent with 
these conjectures (see [7], for a recent review). The present 
experiment shows that the structure of feeding behavior in 
the rat is also highly responsive to taste stimuli. The rat’s 
circadian pattern of feeding is altered in the presence of a 
palatable nutrient that only provides energy despite the 
simultaneous presence of a nutritionally complete diet. 

The 12-hour availability of sucrose both reversed and 
potentiated the rat’s normal pattern of caloric intake. Rats 
normally consume 60-70% of their calories during the dark 
portion of a 12:12 day-night cycle [12, 30, 31, 33]. The chow 
controls and the 24-hour sucrose groups maintained a normal 
circadian pattern of intake that fell within this range. Access 
to sucrose during the light led to a complete reversal of this 
pattern and these animals consumed more calories during the 
light (62%) than during the dark (38%). This reversal was not 
as large in magnitude as the change reported by Panksepp 
and Krost [25] when a palatable high fat diet was the only 
food available during the light but it does extend this phe- 
nomenon to another dietary regimen. In a similar manner 
access to sucrose led to a more pronounced nocturnal 
hyperphagia with almost 90% of the daily caloric intake 
occurring during this 12-hour period. 

Despite these major changes in the circadian pattern of 
feeding induced by the limited availability of sucrose there 
were still several indications that the hormonal, metabolic 
and behavior rhythms that entrain to a 12:12 day-night cycle 
still exerted an influence on feeding behavior. First, the ef- 
fect of the 12-hour temporal constraint on sucrose availabil- 
ity on the overeating and excessive weight gain that occurs 
when adult rats have free access to a nutritionally complete 
diet and a separate source of sucrose [8, 10, 13, 15], de- 
pended on the part of the day-night cycle in which the su- 
crose was available. Restricting sucrose to the 12 hours of 
darkness had no effect on caloric intake or the rate of weight 
gain relative to the group that had 24 hours access to su- 
crose. However, when access to sucrose was restricted to 
the light, caloric consumption and the rate of weight gain 
were reduced relative to the 24-hour access group. Limiting 
access to sucrose to the 12 hours of light attenuates but does 
not eliminate this form of dietary obesity. Secondly, the pat- 
tern of chow intake in the three sucrose groups showed the 
usual circadian rhythm with approximately 70% of the chow 
intake occurring during the dark. Thirdly, the level of su- 
crose intake was influenced by when it was available. Access 
to sucrose during the light led to lower levels of intake rela- 
tive to dark access or free access. Finally, the lower level of 
sucrose consumption during the light in conjunction with 
similar levels of chow consumption in the three sucrose 
groups produced a lower proportion of calories consumed 
from sucrose over the 24-hour period in the light access 
group. 

These residual effects of the day-night cycle on the 
parameters of intake lead to the expectation that overeating 
should be more pronounced during the dark in the 24-hour 
access group [3]. This was not the case. This group con- 
sumed approximately 15 more calories than the chow con- 
trols during both the light and the dark. If these absolute 
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values are converted to percentages the relative amount of 
overeating in the light is more pronounced than during the 
dark because of the lower level of caloric intake during the 
light. Similarly, group 24S did not show any tendency to 
select more calories from the carbohydrate solution during 
the dark. In fact this group showed a slight tendency to con- 
sume a higher proportion of their calories from the sucrose 
solution during the light [3]. This failure to increase energy 
intake from the carbohydrate source during the dark in the 24 
hour sucrose group contrasts with the clear circadian influ- 
ences on intake in the two 12 hour access groups and with 
the report of Johnson et a/. [11] that demonstrated increased 
carbohydrate selection during the dark. Of the many 
methodological differences between this experiment and the 
work of Johnson et a/. [11] we are tempted to speculate that 
age may be the critical dimension that underlies the discrep- 
ant outcomes. Johnson ef a/. [11] tested weanling rats 
whereas at the start of this experiment the animals were nine 
months old. The well documented decline in the rat’s protein 
requirement with age [10] may well underlie a true loss in a 
circadian rhythm in dietary selection with age rather than 
two different experimental results. 

Although the present experiment revealed that access to 
sucrose can lead to an elevation in total caloric intake, in- 
crease the rate of weight gain, reverse the circadian pattern 
of feeding and increase the rat’s nocturnal hyperphagia 
there was no indication that the rat’s avidity for sucrose led 
to a pattern of intake that compromised dietary balance. The 
three sucrose groups reduced their consumption of the 
complete diet to partially compensate for the calories 
supplied by the sucrose but the level of intake of the essential 
nutrients contained in the complete diet was still sufficient to 
sustain elevated levels of weight gain and good health. We 
have previously argued [4,10] that Purina chow contains ex- 
cess levels of protein, vitamins and minerals for the adult rat 
and that within these limits the high palatability of sucrose 
will induce substantial levels of intake. The failure of sucrose 
availability to produce poor diet selection under the present 
conditions or in growing, food-restricted animals lends addi- 
tional emphasis to the priority suggested for dietary balance 
in the nutritional economy of the rat [10]. 

The rat’s feeding behavior shows the kind of plasticity 
that is appropriate to an omnivorous mode of existence. Cir- 
cadian patterns of feeding can be altered by palatability [26], 
changes in illumination [2], or the effort required to obtain 
food during the light and dark [21]. Patterns of feeding [5,6] 
and drinking [23], as well as the intensity of instrumental and 
consummatory behavior are altered to defend the charac- 
teristic level of intake and body weight when the availability 
of these items are constrained experimentally. Data of this 
nature have been used to question the primacy of endoge- 
nous physiological events in the initiation and termination of 
ingestive behavior in non-deprived animals [18, 19, 20]. The 
strategies the rat displays to solve laboratory simulations of 
foraging problems are largely congruent with optimal forag- 
ing theory (see [7] for a recent review) and ultimately to 
questions of fitness. 

In the present experiment it is far from obvious whether 
palatability-induced reversals in the circadian pattern of 
feeding confer any selective advantage on the rat. It is tempt- 
ing to speculate that the flexibility of the omnivorous feeding 
mode allows the rat to ingest whatever edible foods are 
encountered on a short-term basis and that sweet stimuli are 
surrogates for edible foods. In the simultaneous presence of 
a sweet food-stuff and a nutritionally complete diet the rat’s 
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elevation in total caloric intake and a reversal of the usual 
circadian pattern of feeding. 


evolutionary history may predispose this animal to preferen- 
tially consume the sweet even if this consumption leads to an 
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DAVIS, J. R., A. R. TAGLIAFERRO, J. S. ROBERTS AND J. O. HILL. Effects of early cold adaptation on food 
efficiency and dietary-induced thermogenesis in the adult rat. PHYSIOL. BEHAV. 29(1) 135-140, 1982.—The food intakes 
of male and female rats (Harvard strain) adapted to cold (5°C) starting at weaning were studied in the cold and during 
reacclimation to 25°C. Following 24 hr food deprivation, the male rats regained the weight they had lost without making up 
for the food they had missed (increased food efficiency), while the female rats ate 75% more food than they had missed in 
regaining their body weights (decreased food efficiency), independent of the temperature at which the animals were 
housed. On a high fat diet, both cold groups gained less weight than did the two control groups. However, each female 
group gained significantly less weight than its same temperature male group. Dietary-induced thermogenesis was signifi- 
cantly enhanced in male cold adapted rats 3 months after reacclimation to the zone of thermal neutrality but not in cold 
adapted female rats. Sex and strain differences are discussed. These data indicate that early chronic cold exposure results 
in both immediate and long-term changes in food efficiency and metabolism in adult rats, but the effects vary with the sex of 


the animal. 
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THE accumulated evidence on the precision of food intake 
regulation strongly suggests that energy balance is not main- 
tained solely by the regulation of intake [4, 5, 20]. Energy 
expenditure rates can also change. For example, heat pro- 
duction rate (thermogenesis) can vary adaptively in that it 
increases when a mammal is placed into a cold environment 
(non-shivering thermogenesis (NST); [7,14]). The adaptive 
significance is obvious. Overfeeding also has been shown to 
increase thermogenesis (dietary-induced thermogenesis 
(DIT); [23]). It is not clear how important DIT is in the regu- 
lation of energy balance, nor is it clear how it could be adap- 
tive. 

The two phenomena, NST and DIT, may have mech- 
anisms in common [14, 23, 26]. Rothwell e7 al. [24] have 
reported that, in rats, the thermogenic response to cold 
summates with the increase in thermogenesis which follows 
overfeeding. However, because two effects are additive does 
not require that they operate through common mechanisms. 

It is well documented that the capacity for NST increases 
with chronic cold exposure [14]. At the cellular level, adap- 
tations occur within the mitochondria of muscle and brown 
adipose tissue which result in greatly enhanced capacity for 
aerobic metabolism [7,11]. If the thermogenic response to 





overeating and NST have acommon mechanism, DIT should 
be greater in animals with an enhanced NST even when they 
are not in a cold environment since the biochemical adapta- 
tions persist for some time following acclimation to the cold. 
The first purpose of the present study was to examine the 
residual effects of early cold adaptation on the body weights, 
food intakes, and DIT of adult rats after reacclimation to 
normal room temperature. 

A second purpose was to determine the degree to which 
energy expenditure rates can vary when animals are already 
under considerable metabolic stress. Several dietary manipu- 
lations were performed while the animals were in the cold to 
assess changes in food efficiency as an index of changes in 
energy expenditure rates. A theory recently advanced to 
explain the high degree of variability in DIT in humans [16] 
predicts that animals adapted to the cold should use food less 
efficiently when eating at normal temperatures. 


METHOD 


Animals 


Three litters from the Harvard strain of rat were used. 
This all brown strain originated at the Harvard University 
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Psychology laboratory and is descended from animals used 
by Carl Lashley. At weaning (21 days of age; doa), same sex 
animals were divided into two groups by rank ordering on 
body weight and grouping them on odd and even ranks. One 
group of each sex was randomly assigned to the cold adapta- 
tion condition while the other was reared in the vivarium 
(25°C). There were 4 males and 3 females in each group. 
Purina rat chown (#502) was used throughout the study. A 
12/12 light-dark cycle was maintained in both the cold 
chamber and the vivarium. The animals were weighed (to 
nearest g) a minimum of three times each week. 


Temperature Conditions 


Animals within each group initially were housed together 
by sex in plastic maternity cages (25 cm x20 cm x40 cm), but 
were placed in individual stainless steel cages at 50 doa. 
Starting at weaning, the two cold groups were kept in a large 
temperature controlled chamber (86 cm 167 cmx 196 cm; 
see [25]). The ambient temperature was gradually lowered to 
5°C over a two week period. The control groups were always 
housed in the vivarium at a temperature of 25°C. 


Baseline Intakes 


Starting at 146 doa, baseline food and water intakes were 
measured for 5 days. Water bottles with drip-proof spouts 
were weighed daily (nearest 0.1 g). All food spillage was 
collected daily and dried to zero moisture. Food samples 
also were dried to zero moisture on a daily basis, and all food 
intakes corrected and recorded as grams (nearest 0.1 g) of 
dry matter ingested per day. The drying procedure was nec- 
essary because of different relative humidities in the two 
housing conditions. 


Food Deprivation 


At 151 doa all animals were deprived of food for 24 hr. 
Food and water intakes were measured for the next 6 days 
by which time all body weights were back to predeprivation 
levels. 


High Fat Diet 


At 158 doa, a high fat diet was given to the animals for 3 
days followed by 3 days of pellets. The high fat diet was 
reintroduced for 12 days followed by 9 days of pellets. The 
diet was made up of 2 parts (by weight) ground rat chow 
mixed with 1 part liquid vegetable oil (5.73 versus 3.60 kcal/g 
for chow). 


Increased Temperature 


At 185 doa, the temperature of the cold chamber was 
raised to 15°C and food and water intakes measured for the 
next 17 days. At 202 doa, the temperature was raised to 25°C 
and intakes measured for the next 60 days. 


Dietary-Induced Thermogenesis 


The metabolic measurements were begun when the aver- 
age body weight of the male cold group equaled that of the 
male control group (approximately 260 doa). Due to equip- 
ment problems, the tests were not completed until 280 doa. 

Metabolic rates were measured using indirect calorimetry 
in a closed-loop system. Each animal was tested individually 
in one of two cylindrical Plexiglas metabolic chambers (13.9 
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cm diameter x 31.7 cm height) each housed in a sound-proof 
box. Adjustable screens within each cylinder restrained the 
animal so that it could not stand upon its hind legs during the 
test. Electromagnetic valves directed the flow of chamber air 
to a Beckman OM-11 oxygen analyser alternating back and 
forth between the two chambers every fifteen minutes. The 
air from the test chamber was circulated through the 
analyser at a flow rate of 0.5 1/min. Meanwhile, the chamber 
not being sampled was flushed with room air by a Cole- 
Parmer tubing pump operating at 1.8 1/min. The analyzer 
was Calibrated at the beginning of each day to room air and a 
span gas. It was recalibrated to room air between each 15 
min trial. The oxygen content of the span gas had been de- 
termined chemically using the Scholander technique. 

A pair of same sex animals (one each from cold and con- 
trol groups) was tested simultaneously after a 16 hr fast. All 
tests were conducted in the light portion of the daily cycle. 
Three 15 min trials were run for each animal with the first 
trial always discarded to minimize handling effects. The sec- 
ond and third trials were used as measures of resting 
metabolic rate (RMR). Each cylinder was opened and a meal 
consisting of 3 g of ground chow mixed with 3 ml of a corn 
syrup-water solution (20% by weight) was given to the 
animal. Fifteen min were allowed for the animal to eat the 
food. All animals finished the meal. The food dish then was 
removed, the restraining screen reinserted, the chamber 
sealed and three more 15 min trials run. These 3 trials were 
used as measures of dietary-induced thermogenesis (DIT). 
The entire sequence was replicated for each animal on 3 
different days with at least 3 days between replications. The 
3 replications were averaged across trials. 


Statistical Analyses 


The various total food intake data (baseline; post- 
deprivation; high-fat diet) were each analysed using analyses 
of variance with Sex (2 levels) and Rearing conditions (2 
levels) as between subjects factors. Temperature (3 levels) 
was an additional factor (repeated measure) in the analysis of 
the food intake data during the increase in temperature (5°, 
15° and 25°C). 

The body weights of each animal were averaged across 
the three days just prior to the changes in temperature (to 15° 
and then 25°C) and after 18 days at 25°C. Rates of weight gain 
were calculated at 15° and 25°C and analysed with two be- 
tween factors (Sex and Rearing condition) and a Trials factor 
(2 levels). Two weight curves were said to be significantly 
different on the first day upon which the difference between 
the means was significant (t-test) and remained significantly 
different subsequently. 

The analysis of the thermogenesis data had two between 
subjects factors (Sex and Rearing condition). The RMR data 
were analysed separately and no differences between 
groups were found. Therefore, the usual measure of DIT was 
calculated. The post-meal trials (DIT) were averaged, ex- 
pressed as a percentage of RMR and analysed with two be- 
tween subjects factors (Sex and Rearing condition). 

Tukey’s HSD method was used for all post-hoc compari- 
sons between pairs of means [28]. The terms ‘‘significantly 
different’’ are used only if the obtained difference could 
occur by chance with p<0.05. 


RESULTS 
Effects in the Cold 
Body weight. Cold stress slowed the rates of weight gain 
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FIG. 1. Average body weights (g) of all groups throughout the exper- 
iment. The closed symbols=control groups and the open 
symbols=cold-adapted groups. Circles=males and _ triangles 
=females. Brackets represent+1 sem. 


of both sexes. The body weight of the male cold group was 
significantly less than the male control group starting at 140 
doa (120 days in the cold; Fig. 1; 267 vs 318 g, respectively; 
1(6)=3.15, p<0.05). The female cold group weighed signifi- 
cantly less than the female control group at 110 doa (90 days 
in cold; 141 vs 173 g, respectively; 1(4)=3.78, p<0.05). 

Baseline intakes. Because of the significant weight differ- 
ences and to simplify comparisons across diets, all food 
measures during the diet manipulation period were trans- 
formed into kcal/kg body weight (Fig. 2). As expected, the 
food intakes of the animals in the cold for 4 months were 
significantly higher than those of the control animals 
(cold=411.73 vs control=179.06 kcal/kg/d; F(1,10)=153.6, 
p<0.05). Neither the Sex main effect nor the interaction be- 
tween factors was statistically significant. In all cases, group 
differences in water intake followed the same pattern as food 
intake and will not be presented. 

Recovery from deprivation. Following one day of food 
deprivation, all of the groups regained their body weights 
within 6 days (Fig. 1). However, the males regained their 
weights without making up for the missed food, while the 
females ate more food than they had missed (males=82.7% 
baseline; females = 150.5%; F(1,10)=16.31, p<0.05). 

Adaptation to high fat diet. Over the 3 day test period, all 
animals significantly increased their total caloric intakes on 
the high fat diet compared to baseline (mean increase = + 112 
kcal/kg/d; 1(13)= 10.73, p<0.05). During the 12 day test, food 
intakes were also greater on the high fat diet (mean in- 
crease=59 kcal/kg/d; 1(13)=7.28, p<0.05). However, the 
ANOVA revealed no significant differences between any of 
the groups. 

All of the animals gained significant amounts of weight on 
the high fat diet during the 12 day test (mean=+13.2 g; 
1(13)=5.12, p<0.05). However, the amount of weight gained 
varied both with rearing condition and with sex. The cold- 
adapted animals gained significantly less weight than did the 
control animals (cold=+7.4 g; control=+19.0_ g; 
F(1,10)=18.25, p<0.05); and the male animals gained more 
than twice as much weight as did the females (males= + 17.9 
g; females= +7.0 g; F(1,10)=15.79, p<0.05). The interaction 
was not significant. 
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FIG. 2. Average daily food intakes (kcal/kg) of all groups during the 
diet manipulation period. The circles=males (upper panel) and the 
triangles=females (lower panel). Open symbols=cold-adapted 
groups and closed symbols=the control groups. Brackets represent 
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An approximation of the energy cost of each gram of 
weight gained during the 12 day test was obtained by dividing 
the total number of additional calories ingested (intake on 
high fat diet minus 12xaverage daily baseline chow intake) 
by the total weight gained during the 12 day test. The cost of 
the weight gain for the animals in the cold was significantly 
greater than for the control animals (cold=21.1 Kcal/g; con- 
trol=11.4 kcal/g; F(1,10)=9.86, p<0.05). No other factors in 
the ANOVA were significant. 


Post-Cold Effects 


Food intake. At each increase in temperature, the food 
intakes of the two cold groups were suppressed for 2 days 
and then stabilized. Average daily food intake dropped sig- 
nificantly as temperature increased but the interaction be- 
tween Sex and Temperature was statistically significant (Fig. 
3; F(2,10)=6.08, p<0.05). At 180 doa, the female cold group 
was eating significantly more than the male cold group at 5°C 
(males= 106.5 vs females=120.2 g/d/kg; p<0.05). Food in- 
takes declined signficantly more for the females than for the 
males as chamber temperature was increased to 15°C, so that 
the difference between sexes was not significantly different 
(15°C; males=92.9 vs female =100.1 g/d/kg (ns); both differ- 
ent from 5°C at p<0.05). Intakes dropped even more dramat- 
ically when the temperature was raised to 25°C, but the 
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change was the same for both sexes (25°C: males=54.7 vs 
female =53.3 g/d/kg (ns); both different from 15°C at p<0.05). 
The food intakes of the two control groups were not different 
from one another at any time, nor did they change across 
periods. 

The food intake of the male cold group was still signifi- 
cantly greater than the male control group 60 days after being 
returned to 25°C (260 doa; 54.7 vs 37.2 g/kd/d; 1(6)=3.85, 
p<0.05). There was no significant difference between the 
two female groups 20 days after return to 25°C (220 doa). 

Body weight. The interaction between Sex, Rearing con- 
dition and Temperature was significant (Table 1; 
F(1,10)=16.99, p<0.05). While both cold groups gained sig- 
nificant amounts of weight overall, the male cold group 
gained weight significantly more rapidly than did the female 
cold group at 25°C, even though rates of food intake were not 
significantly different between the two cold groups. 

The body weight of the male cold group was not signifi- 
cantly different from the male control group 60 days after 
being returned to 25°C (Fig. 1; 260 doa). The difference in 
body weight between the two female groups was not signifi- 
cant 20 days after the cold group was returned to 25°C (220 
doa). 

Dietary-induced thermogenesis. At approximately 280 
doa, the RMR of the 4 groups were not statistically different 


DAVIS, TAGLIAFERRO, ROBERTS AND HILL 


TABLE 1 


AVERAGE WEIGHT GAIN (g/DAY) FOR ALL GROUPS DURING 
PERIODS OF WARMER TEMPERATURES FOR COLD GROUPS 





Group 15°C yg & 





1.4054 
~0.105° 

0.575% 
~0.120° 


Cold 0.688' 
Control 0.4248 
Cold 0.424# 
Control 0.100" 





a.b.dMeans with different superscripts are significantly different 
(p<0.05). 


(mean RMR= 12.80 ml/min/kg®”>). Therefore the DIT of each 
group was expressed as a percentage of RMR and analysed. 
The Sex by Rearing condition interaction was significant, 
F(1,10)=7.03, p<0.05. The male control group’s DIT was 
significantly less than the DIT of the male cold group and of 
the two female groups (males: cold=+17.0%; con- 
trol=+8.6%; females: cold=+16.3%; control=+17.8%; all 
greater than zero at p<0.05). 


DISCUSSION 


These results support the proposal of Rothwell er al. 
[24] that DIT and NST have the same metabolic origin. Not 
only were the cold adapted animals less efficient in using 
food while in the cold, the effect persisted in the male rats for 
almost 3 months after being returned to 25°C. They were 
eating 47% more food than the control animals to maintain 
the same body weight. At that time they also had signifi- 
cantly greater DIT than the control male rats. 

The metabolic origins of thermogenesis are not known 
with certainty. Both skeletal muscle and brown adipose tis- 
sue (BAT) have been shown to be involved in non-shivering 
thermogenesis [6, 9, 11, 14]. Muscle tissue constitutes a large 
percentage of body mass (up to 40% by weight; [18]), so that 
small changes in its metabolism could have a large impact on 
energy balance. On the other hand, BAT constitutes a very 
small percentage of body mass [23] but large changes in its 
metabolism have been reported both with cold adaptation [7] 
and upon overeating [8]. It is unclear which tissue is the more 
important, and it may vary with the species [7,12]. 

However, cold adaptation increases the sensitivity of 
both tissues to the calorigenic effects of epinephrine and 
norepinephrine [3, 14, 30]. This could be the mechanism 
common to both DIT and NST since it has been reported that 
food intake significantly increases sympathetic nervous sys- 
tem activity [29]. 

These data clearly support the argument that changes in 
energy expenditure rates can be a significant variable in 
the daily energy economy of the rat. While we did not 
measure DIT when the animals were still in the cold, it is 
reasonable to assume that an enhanced DIT was a significant 
factor in the cold-induced decrease in food efficiency, since 
others have reported enhanced DIT while in the cold [19,23]. 
However, it will be necessary to measure both 24 hr 
metabolic rates and digestible energies before ruling out 
other factors such as a cold-induced increase in gastric clear- 
ance rate [17]. 

Many other situations are now known in which changes in 
energy expenditure rates are important in achieving energy 
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balance [15]. For example, Levitsky ef a/. [20] reported that 
male rats recovered from one day of food deprivation with- 
out making up all of the food that had been missed. In the 
present study, this was true of the male rats independent of 
the temperature at which they were housed. A similar 
phenomena occurs in females following ovariectomy (OVX), 
in that the OVX animals gain weight without increasing food 
intake [27]. 

Differences between sexes were pervasive, but not con- 
sistent. The female rats generally were less efficient in using 
food than were the male rats. This was true in the food 
deprivation test, when given the high fat diet and during 
recovery from cold adaptation. Cold adaptation decreased 
the food efficiency of the females on the high fat diet to a 
greater extent than it did in the males. However, cold adap- 
tation slowed the rate of weight gain in the males more than 
in the females, and the metabolic effects lasted longer in the 
males than in the females when both were returned to 25°C. 

Previous studies with albino rats have reported a different 
pattern of results. For example, LeBlanc er al. [19] also 
found that cold adaptation decreased food efficiency in both 
sexes, but the greatest effect was in male rats. At 25°C, 
female albino rats gained almost twice as much weight on the 
high fat diet as did male albino rats. In the present study, the 
male groups gained almost twice as much weight as the 
female groups when given the high fat diet, independent of 
the temperature at which they were housed. These data 
suggest that the Harvard strain may be metabolically differ- 
ent from albino rats. 

Additional evidence to support this possibility is the fact 
that when male rats of the Harvard strain are allowed to run 
in activity wheels, they gain weight more rapidly than seden- 
tary control males (Davis and Tagliaferro, unpublished ob- 
servations), just the opposite of what has typically been re- 
ported with male albino rats [2,22]. When housed in a 
seminatural habitat, female Harvard rats grow to almost the 
same size as males (Davis and Baum, unpublished observa- 
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tions). Further work with this strain is needed, but if sub- 
stantiated, these strain differences may require that the gen- 
erally held beliefs about the effects of activity and sex hor- 
mones on rats be restricted to albino rats [2,27]. 

The adaptive significance of DIT, if any, is not clear. It 
has been argued that it is adaptive when food is abundant in 
that it attenuates the amount of energy stored as fat [13, 
19, 23]. LeBlanc et al. [19] argue that DIT is adaptive in the 
cold in that it helps maintain body temperature by increasing 
the proportion of food energy released as heat. However, in 
the present study the cold adapted animals slowed their 
growth rates until an equilibrium point was reached at which 
they could eat enough food to both heat and maintain their 
reduced body masses. It is unclear how an enhanced DIT 
when given the high fat diet would be adaptive in this situa- 
tion. It clearly is energetically inefficient. 

We have suggested the magnitude of DIT is secondarily 
related to an animal’s aerobic capacity ({16]; see [1] for an 
analogous theory with respect to the survival advantage of 
endothermy). A high aerobic capacity would promote survi- 
val in that it would allow an animal to sustain intense levels 
of physical activity for long periods of time. Both sustained 
exercise and cold adaptation increase the mitochondrial con- 
centrations of aerobic enzymes [7,10], shift the fuel substrate 
to fats [7] which are utilized via pathways which give off 
more energy as heat [21], and increase the sensitivity of 
muscles to the effects of catecholamines [3, 14, 30]. Thus, 
enhanced DIT per se could be beneficial when overeating by 
reducing the formation of excessive fat tissue, and be detri- 
mental in the cold. However, a high aerobic capacity would 
be adaptive in both situations. 
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BARTH, T. M.,S. M. PARKER AND H. M. SINNAMON. Unilateral lesions of the anteromedial cortex in the rat impair 
approach to contralateral visual cues. PHYSIOL. BEHAV. 291) 141-147, 1982.—This experiment determined the effects 
of large unilateral lesions of the anteromedial cortex (AMC) on visually guided performance of rats in a cross maze. Deficits 
were found in the approach to only visual cues that were located in the arm contralateral to the lesion. The deficit appeared 
in three testing conditions: when the cue was continuously visible throughout the trial; when it was visible only at the 
choice point; and when it was seen only at the start of the trial but not at the choice point. The failure to approach a 
contralateral cue was not due to a simple ipsilateral turning bias; rats with lesions could approach cues in the anterior arm 
as efficiently as controls. The deficit was most apparent on the initial sessions and recovery occurred for all conditions. The 
findings indicate that the AMC participates in the visual guidance of approach behavior. 
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THE anteromedial cortex (AMC) of the rat along with the 
suprarhinal cortex forms a system which has been proposed 
to be a homolog of the prefrontal cortex of primates. Behav- 
ioral studies of the AMC have shown deficits in a wide range 
of tasks including spatial alternation [11, 15, 18, 22, 26], tem- 
poral alternation [11], delayed response [12], schedules re- 
quiring low rates of barpressing [19,21], or sequential pat- 
terns of barpressing [2], nonspatial object reversal [3], and 
the radial arm maze [4]. In a study intended to focus on the 
medial precentral region of the AMC, Cowey and Bozek [7] 
showed that unilateral lesions of the dorsal half of the AMC 
produced a bias toward choosing the arm of a Y-maze that 
was ipsilateral to the lesion. This effect was proposed to be 
homologous to the contralateral neglect displayed by mon- 
keys following ablation of the frontal eye fields [25]. How- 
ever, neglect may also be produced by a variety of other 
cortical lesions in the primate including the anterior cingulate 
cortex [8, 10, 24] which was also damaged in the typical 
lesion of Cowey and Bozek. The purpose of this study was to 
extend the findings of Cowey and Bozek and to determine if 
the AMC of the rat functioned in general orienting behavior 
and in the guidance of approach locomotion by visual stim- 
uli. 

Orienting behavior was tested by unilateral presentation 
of visual, auditory, olfactory and tactile stimuli. The ability 
of the rat to use visual cues to guide locomotion was tested 
with a cross maze in which the rat approached a visually 





distinctive milk tube located in one arm. Spatial factors and 
turning biases were minimized by requiring the rat to loco- 
mote from every pole to all other poles in each session. In 
one arrangement of the maze the rat was allowed to see the 
milk tube through the maze walls throughout the course of 
the trial. In a second condition the walls of the maze arms 
were opaque and the rat could only see the milk tube in the 
lateral arms by making explicit head orientations at the 
choice point. In a third condition, which was thought to be 
sufficiently challenging to tax the capacities of a cortical sys- 
tem, the rat could see the cue at the beginning of the trial but 
not at the choice point where the response selection was 
made. 


METHOD 
Subjects 


Sprague-Dawley male rats (N= 10) that weighed 475-600 g 
at surgery were used. They were housed individually with 
unrestricted food but water restricted to 10 min daily. 


Apparatus 


Animals were tested in a cross-maze in which they shut- 
tled from arm to arm for a milk reward. The walls of the arms 
were formed by 0.3-cm diameter steel rods 31 cm high and 
spaced 2.5 cm apart to permit the cues to be seen throughout 
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the maze. Each arm of the maze was 46 cm long and the 
distance from the end of one arm to the end of the opposite 
arm was 112 cm. The maze was situated in a square open 
field which was painted black and had 91-cm sides, 31-cm 
walls and a pegboard floor into which the rods of the walls 
were inserted. 

Reinforcement was provided by the opportunity to drink 
a 25% Borden’s sweetened milk solution contained in bottles 
which were mounted on a black stand and placed at the end 
of each arm. The bottles were covered with alternating white 
and black stripes. Access to the tube was permitted by man- 
ually raising a black metal shield which revealed both the 
drinking tube and the striped bottle. When the tube was 
available, a 24-W light bulb mounted directly above the 
bottle provided selective illumination. Ambient lighting was 
provided by a 40-W red bulb positioned 102 cm above the 
maze. 

The top panel in Fig. | shows a schematic representation 
of the maze configuration in the Open Maze condition. 
Transparent Plexiglas gates (31 cm high) were located 31 cm 
from the base of the drinking stands to form a stall which 
enclosed the rat at the end of the trial and also formed the 
start stall for the next trial. In this open condition, the bottle 
cue was visible through the walls of the maze from any point 
at any time during the trial. 

In the Start Masked condition, black opaque walls, 46x31 
cm, were placed parallel to the rod walls, and black opaque 
wooden gates replaced the Plexiglas gates. In this condition, 
a cue located in a side arm could only be seen by advancing 
to the choice point whereas a cue in the opposite (anterior) 
arm could be seen at the start point once the opaque gate was 
raised. A schematic representation of this condition is in the 
middle panel of Fig. 1. 

In the Choice Masked condition an opaque cloth curtain 
38 cm high surrounded the choice point. In this condition, 
only side arms were used. A cue in one of them could be seen 
at the start point but not at the choice point. Black wooden 
gates inside the curtain prevented entry into the anterior 
arm. The bottom panel in Fig. | shows this condition. 


Preoperative Procedure 


Following a 5-day pretraining period in which the rats 
were trained to approach and drink from the exposed milk 
tubes, training in the Open Maze condition began. In this 
condition the exposed cue was visible from both the start and 
choice points. The daily session consisted of 12 trials each 
involving a choice between arms that were to the left, the 
right, and directly opposite the start arm. Correct perform- 
ance over the 12 trials required the rat to run to each arm 
from every other arm and to make a total of four runs each to 
a left, right and anterior arm. To prevent the rat from learn- 
ing a sequence of turns rather than the significance of the 
cue, the location of the cue was determined by patterns that 
minimized alternation of left-right turns and varied the arm 
used for the start point daily. 

On the first trial of a session, the rat was enclosed in one 
of the arms by the lowered gate for 12 sec. Access to the milk 
tube was blocked by the shield. The gates permitting access 
to the other three arms were raised and the striped milk 
bottle in one of them was exposed and illuminated. The start 
gate was raised and the rat was permitted to go to the arm 
with the exposed milk bottle and drink for 12 sec. After a 
6-sec period the start gate of that arm was raised and the rat 
went to the next exposed bottle and so on for a total of 12 
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FIG. 1. Top view of the maze in the three testing conditions. In the 
Open Maze condition the walls were made of rods (top panel). In 
this condition the cue was visible continuously. In the Start Masked 
condition black opaque walls were inserted around the outside of the 
cross maze (middle panel). The walls masked the cue at the start 
point but not at the choice point. In the Choice Masked condition 
(bottom panel) the cue was visible at the start point but was masked 
by a curtain at the choice point. 

















trials. If the rat entered an arm that did not contain the ex- 
posed milk bottle, the gate of that arm was lowered for 6 sec, 
then the rat was permitted to continue through the maze until 
the correct arm was found. Ten min after the last rat was 
tested, all the rats were given access to water in their home 
cages for 10 min. In order to equalize deprivation, the testing 
order of the rats was reversed daily, such that the last rat 
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tested in one session was the first rat tested in the next. On 
days when animals were not tested they received 20 min of 
water in their home cages. 

Following three consecutive sessions of 10 or more cor- 
rect trials in the Open Maze condition the rats were given 
several overtraining sessions. The number of overtraining 
sessions varied between animals. Next they were given two 
sessions of 12 trials each in the Start Masked condition. In 
this condition the cue in a left or right arm could only be seen 
at the choice point. All rats maintained their high perform- 
ance levels and were next trained in the Choice Masked 
condition in which the sight of the cue was blocked by the 
curtain. Only left and right turns were required in this condi- 
tion because the view of the anterior arm was always 
blocked by the curtained choice point. Thus a session con- 
sisted of eight trials, four each to the left and right, with each 
arm serving as a start and a goal twice. Entry into an incor- 
rect arm in this condition did not result in a lowered gate. 
Errors were considered to occur when the rat’s head 
protruded through the curtain into the incorrect stall. Train- 
ing continued until a criterion of 13 correct trials in 16 trials 
of two consecutive sessions was achieved. 

Final preoperative training consisted of 3-day sequences 
of the three conditions in the order of training until criteria 
were reached for all (10 of 12 correct for Open Maze and 
Start Masked, 6 of 8 for Choice Masked). Therefore, 
preoperative training for each subject did not end until 
criteria were reached in all three conditions consecutively, 
always ending with the Choice Masked condition. The 
animals were taken to surgery in groups of three as they 
completed training. One of the group was randomly selected 
as an unoperated control and the other two received lesions 
on randomly selected different sides of the brain. 

The lesion group (N=6) and the control group (N=4) 
were well matched in terms of preoperative training in the 
cross maze. On total training sessions on the Open Maze 
condition the control group ranged from 35 to 53 with a mean 
of 45 sessions whereas the lesion group ranged from 41 to 48 
with a mean of 44 sessions. On overtraining (postcriterion) 
sessions in the Open Maze condition, the control group 
ranged from 9 to 15 with a mean of 12 sessions whereas the 
lesion group ranged from 10 to 19 with a mean of 14 sessions. 
The control group reached criterion on the Choice Masked 
condition in 4 to 11 sessions with a mean of 7 sessions; the 
lesion group required 5 to 12 sessions with a mean of 8 ses- 
sions. To achieve criteria on the triad of conditions the con- 
trol group required 3 to 9 sessions with a mean of 4 sessions; 
the lesion group required 3 to 13 sessions with a mean of 5 
sessions. 

Testing of head orienting behavior to multimodal stimuli 
began at least 4 days prior to surgery. The rats were first 
adapted to the testing situation in two daily sessions of 10 
min each. They were held in a small, open-top box which 
was placed on a stand in the center of a water-filled tub. 
Testing on the subsequent 2 days was given after the rats 
received their ration of water in the home cages. The order of 
stimulus presentation was random, with the exception that 
the same stimulus was not presented to a particular side in 
consecutive trials. Twenty-four trials were administered. 
Each of four stimuli (visual, auditory, olfactory and tactile) 
was presented to each side three times. Visual stimulation 
was provided by a small flashlight waved back and forth for 5 
sec in one visual field. The auditory stimulus was produced 
by ejecting air from one of two bulb syringes held near the 
ears of the rat. The air from the syringe was directed away 
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from the rat. For the olfactory stimulus, cotton pellets 
soaked in 10% acetic acid were inserted in a bulb syringe 
which was repeatedly squeezed while being held near one 
side of the rat’s snout. Just prior to each olfactory test the 
rat was habituated to the sound of an empty syringe held 
similarly. The tactile stimulus was provided by probing of 
the rat’s vibrissae with a pencil covered with black tape. 
Positive responses were scored if the rat turned its head 
toward stimulation. A negative response was scored if the rat 
turned its head to the opposite side. If neither response oc- 
curred, an absent response was scored. 


Surgery 


Animals were anesthetized with Chloropent (3.5 cc/kg), 
mounted in a stereotaxic apparatus and subjected to three 
overlapping unilateral lesions in the AMC. Lesion | was 
made at 1.5 mm anterior and 0.7 mm lateral to bregma and 
1.0 mm below the dural surface. Lesions 2 and 3 were made 
at 3.0 mm anterior and 0.7 mm lateral to bregma and 1.0 mm 
and 3.0 mm below the dural surface. Each lesion was made 
with 2 mA of anodal current for 60 sec, which passed through 
a stainless-steel electrode 125 um in diameter and Teflon- 
insulated except for 0.5 mm bared at the tip. A rectal elec- 
trode served as the cathode. 


Postoperative Procedure 


Four days following surgery, testing began. the triad of 
cross maze conditions was given as described previously 
with one condition tested each day. A total of 24 postopera- 
tive sessions was given over a period of approximately 1.5 
months. Postoperative testing for simple orienting behavior 
began on the same day as testing in the cross maze. The 
postoperative procedure was the same as described for pre- 
operative testing. Subjects received a total of 8 sessions. 


Histology 


The rats with lesions were injected with a lethal dose of 
Chloropent and perfused with normal saline followed by 10% 
Formalin. The brains were removed, frozen, sectioned 
transversely (32 um), and stained with cresyl violet. The 
extent of the lesions was determined by means of a Bausch 
and Lomb slide projector and represented on brain diagrams 
adapted from the atlas of Kénig and Klippel [13]. 


RESULTS 
Histology 


A schematic representation of a typical lesion is shown on 
the right side of the drawings in Fig. 2. The entire lesion of 
four of the six brain-damaged rats is well characterized by 
this illustration. These four rats formed a group that was the 
subject of the principal analysis of this experiment. One 
other rat had a similar lesion on the intended side but also 
had additional damage on the other side which is indicated 
on the left of the drawings as the region within the dotted line. 
The final rat received a lesion that was more lateral than 
intended; it is shown on the left side of the drawings as the 
open area enclosed by solid lines. The performance of these 
rats was analyzed separately. 

The group of four rats with lesions represented on the 
right side of Fig. 2 had extensive unilateral damage to the 
AMC which included the classical regions described on the 
basis of cytoarchitecture [14] and the larger regions termed 





FIG. 2. Schematic representations of AMC lesions in Experiment | 
projected onto drawings adapted from the atlas of K6nig and Klippel 
[13]. On the right hemisphere of these sections is a typical unilateral 
lesion. The dotted line on the left hemisphere depicts the damage to 
the other hemisphere received by one animal. The solid line on the 
left hemisphere indicates the unilateral lesion that was more lateral 
than intended. Anterior-Posterior levels in um: A, 11460; B, 10500; 
C, 10050; D, 9650; E, 8920; F, 7470. 


pregenual and supragenual partially on the basis of dopa- 
minergic innervation [17]. Damage to the medial precentral 
region was complete (panels A-F). The prelimbic region was 
almost completely damaged (panels B and C) except for a 
sparing in the rostral portion (panel A). The dorsal and ven- 
tral divisions of the anterior cingulate region, both pregenual 
(panels A—D) and supragenual (panel E) were completely 
damaged. Caudal to the supragenual area, the anterior cingu- 
late region was largely spared (panel F). In the rat with bilat- 
eral damage, the lesion on the unintended side was less ex- 
tensive and was mainly restricted to the medial precentral 
and anterior cingulate regions dorsal and just caudal to the 
genu (Panels E and F). 


BARTH, PARKER AND SINNAMON 


TABLE | 


MEAN NUMBER OF HEAD ORIENTING RESPONSES TO FOUR 

TYPES OF STIMULI PRESENTED TO THE RIGHT AND LEFT SIDES 

OF RATS WITH UNILATERAL AMC LESIONS (N=4) OR WITH NO 
LESION (CONTROL, N=4) 





Visual Auditory Tactile Olfactory 





Contralateral 
AMC Lesion 
Control 

Ipsilateral 
AMC Lesion 
Control 





Each mean is based on three presentations in each of eight ses- 
sions. 


Orienting Test Performance 


Table 1 shows the mean number of head orienting re- 
sponses made over the eight sessions for each of the four 
stimuli. The designation of ipsilateral and contralateral for 
the control group was determined randomly. The AMC le- 
sion group was composed of those four rats with similar 
unilateral lesions. Mann-Whitney U-tests failed to show any 
significant (p<0.05) differences between the lesion and con- 
trol group in the total number of contralateral or ipsilateral 
responses to any stimulus over the eight sessions. As shown 
in Table 1, both groups of animals responded to the majority 


of presentations in all conditions. Consequently the lack of 
differences between the lesion and control groups did not 
appear to be due to ineffective stimuli. 

To examine the possibility that AMC lesions produced a 
rapidly recovering deficit in head orienting, the control and 
lesion groups were compared on each of the eight sessions 
for each stimulus and each side of presentations, a total of 64 


comparisons. Three significant differences (U(4,4)=1, 
p<0.05) were found. The AMC lesion group made fewer 
contralateral orienting responses than the control group to 
the visual stimulus on the third session and to the tactile 
stimulus on the first and fifth. There were no significant 
differences between the lesion and control groups in con- 
tralateral orienting to auditory or olfactory stimuli nor were 
there significant differences in ipsilateral orienting to any of 
the four stimuli. There was no general trend for the fre- 
quency of orienting responses to increase over the eight ses- 
sions. The absence of an increasing trend together with the 
paucity of significant differences (the number was about that 
expected by chance alone) indicates that if a head orienting 
deficit was produced by unilateral AMC lesions, it was too 
subtle to be detected by the method used. 


Cross Maze Performance 


AMC lesions produced a disruption of visually guided 
locomotion in the cross maze. The deficit was selective in 
that it appeared only when the cue to be approached was 
located in the arm contralateral to the lesion. The deficit 
appeared in all three maze conditions and it showed recovery 
by the seventh test session which was about 6 weeks after 
surgery. 

Performance of the control and AMC lesion groups in the 
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FIG. 3. Cross maze performance of the control group and unilateral 
AMC lesion group in the Open Maze condition. In this condition the 
cue associated with the exposed milk bottle reward was visible 
throughout the maze. Top panel: errors when the cue was ipsilateral 
to the lesion in the AMC lesion group or to one arbitrarily designated 
side in the control group. Middle panel: errors when the cue was in 
the arm directly opposite the start arm. *‘P’’ represents presurgical 
baseline errors. Bottom panel: errors when the cue was in an arm 
contralateral to the lesion. 


Open Maze condition in which the cue was visible through- 
out the maze is shown in Fig. 3. In the bottom panel it may 
be seen that the AMC lesion group made more errors than 
controls in approaching the contralateral cue. The difference 
between lesion and control groups was significant in the first 
postoperative test session, U(4,4)=0.5, p<0.05 but not in 
any session thereafter. The decline in the errors of the lesion 
group over sessions was significant, Rho=—.92, p<0.0S5. 
The controls (for which laterality was designated in a random 
basis) maintained their highly accurate performance 
throughout this period. In the top panel of Fig. 3 it may be 
seen that the AMC lesion group maintained nearly errorless 
performance when the cue was located in the arm ipsilateral 
to the lesion. The lesion group actually made fewer errors 
than the control group in this condition, but the difference 
was not significant by the Mann Whitney test. This accuracy 
of the AMC lesion group to ipsilateral cues might suggest 
that an ipsilateral turning bias could explain the failures to 
approach the contralateral cue. However, as shown in the 
middle panel, the animals with AMC lesions showed almost 
errorless performance when a straight approach was re- 
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quired. Moreover, not all failures to approach the contralat- 
eral cue were associated with turns in the ipsilateral direc- 
tion. Of the 29 failures to approach the contralateral cue, 19 
(66%) were due to ipsilateral turns and 10 (34%) were due to 
straight runs to the arm directly opposite to the start arm. 

Unilateral AMC lesions produced a similar selective 
deficit in approaching a contralateral cue in the Start Masked 
condition. In this condition the cue in a right or left arm 
became visible upon arrival at the choice point. The cue in an 
anterior arm was visible from the start point as in the Open 
Maze condition. Performance in this condition is illustrated 
in Fig. 4. As seen in the bottom panel, the AMC lesion group 
made more errors in approaching the contralateral cue, 
differences which were statistically significant for total er- 
rors over the eight sessions and for the errors made on the 
first session, U(4,4)=1, p’s<0.05. By the fourth session the 
AMC group’s performance approached the nearly errorless 
levels of the control group. The decline in errors by the 
lesion group was significant, Rho=—.88, p<0.05. Perform- 
ance of the lesion group to the cues in other arms was indis- 
tinguishable from that of the controls (see top and middle 
panels). Again there was no indication that a simple turning 
bias could account for the failures to approach the contralat- 
eral cue. Of the 14 failures, 6 (42%) were associated with 
ipsilateral turns and 8 (57%) were associated with runs with- 
out a turn. 

In the Choice Masked condition, in which the cue was 
visible at the start but not at the choice point, animals with 
AMC lesions again made more errors than controls when the 
cue was in the contralateral arm. The differences between 
groups were statistically significant for total errors over the 
eight sessions, U(4,4)=0, p<0.05 and for errors made in the 
first and third session, U’s(3 or 4,4)=0, p<0.05. The data for 
the first choice masked session of one rat with a lesion were 
not used because it stopped performing after making re- 
peated errors. Performance of this rat on the two previous 
sessions in the open maze and start masked condition was 
normal except for the predominance of errors to the con- 
tralateral cue. Figure 5 shows these patterns. The frequency 
of errors by the AMC lesion group was approximately at 
control levels on Sessions 7 and 8 but the decline in errors 
was not marked enough to reach statistical significance, 
Rho=—.78, p>0.05. The AMC lesion group generally made 
fewer errors in approaching the ipsilateral cue but the differ- 
ences did not reach statistical significance by the Mann 
Whitney test. 


Supplemental Observations 


The rat with the lesion that was more lateral than intended 
had extensive damage to the prelimbic region (Fig. 2, panel 
A), the medial precentral region (panels A—F) and the most 
rostral part of the anterior cingulate region (panels A-C). 
However, largely spared were the majority of the dorsal and 
ventral divisions of the anterior cingulate region (panels 
D-F). In particular the area just dorsal and anterior to the 
genu was intact. Despite the large extent of this lesion, the 
performance of this rat in the three cross maze conditions 
was hardly distinguishable from the control group. The rat 
made a total of four errors when the cue was in the contralat- 
eral arm in the Open Maze condition, compared to the con- 
trols which ranged from 0-3 errors. On all other error meas- 
ures the rat was within the range of controls. 

The rat with a proper lesion on the intended side of the 
AMC but additional damage to the more superficial layers of 
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FIG. 4. Cross maze performance in the Start-Masked condition. In 
this condition a cue in contralateral or ipsilateral arm was visible 
from the choice point but not from the start point. A cue in the arm 
opposite from the start point was continuously visible. 


the AMC on the other side performed generally similarly to 
rats with the proper unilateral lesion. The number of errors 
in approaching the contralateral cue by this rat exceeded the 
range of errors by the control group on the first session of the 
Start Masked condition and on the second, fourth and sixth 
session of the Choice Masked condition. However, in the 
Open Maze condition the errors of this rat in approaching the 
contralateral cue was within the control range on all ses- 
sions. This rat also made two errors (control range, 0-1) in 
approaching the ipsilateral cue in the first session of the Start 
Masked condition. 


DISCUSSION 


These findings indicate that the AMC of the rat partici- 
pates in the function by which orientation to visual stimuli 
guides locomotor approach. Unilateral lesions produced 
selective errors in the approach to a cue located on the side 
of the rat that was contralateral to the lesion. The deficit 
appeared in the Open Maze condition, in which the cue could 
be seen continually throughout the trial, and in the Start 
Masked condition, in which orientation at the choice point to 
the cue in a side arm required an explicit turning of the head. 
Similar errors appeared in the Choice Masked condition in 
which the rat had to remember the direction of a cue pre- 
sented at the start of the trial and orient in that direction 
when the cue was no longer available. Because it contained a 
delayed response feature, the Choice Masked condition was 
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FIG. 5. Cross maze performance in the Choice-Masked condition. 
In this condition the cue was visible at the start point but not at the 
choice point, which was surrounded by a curtain. In Session 1, one 
rat with an AMC lesion failed to make any responses. 


expected to be especially sensitive. Although errors were 
somewhat more apparent in this condition they were gener- 
ally proportional to those of the control group which also had 
difficulty with the task. Moreover, the performance of the 
lesion group in the Choice Masked condition showed the 
recovery that was characteristic of the other conditions. 
Considering the apparent simplicity of the demands on 
the rat in the Open Maze and Start Masked conditions and 
the relatively restricted extent of the lesions, the subtlety of 
the deficit is not surprising. Were it not for the high accuracy 
of baseline performance in the Cross Maze and the within- 
subject controls provided by the unilateral lesion, the deficit 
would likely have passed unnoticed. Such may have been the 
case in the tests for head orienting to proximal stimuli. The 
size of the deficit does not diminish the significance of the 
cortical role in visually guided locomotion. Rather it suggests 
that multiple systems also contribute to the function. Given 
the short time course of the deficit (2-3 weeks) it is probably 
these preexisting alternate systems that mediate recovery. 
Because the deficit was selective, subtle and appeared in 
the context of otherwise highly accurate performance it is 
possible to eliminate several interpretations. Although test- 
ing began at only 4 days postsurgery, a general depression of 
function was not indicated. First, the errors were confined to 
contralateral cues; approach to anterior or ipsilateral cues 
remained extremely accurate. Second, after the first session 
the deficit was rather subtle, appearing as approximately one 
error in four trials per session in the Open Maze and Start 
Masked condition. The deficit did not seem to reflect any 
type of radical dysfunction in the registration of visual in- 
formation. The tests for head orienting to a visual stimulation 
during the time of greatest impairment in the cross maze 
were negative. The possibility of a simple turning bias seems 
incompatible with the high accuracy shown by the lesion 
group in approaching the anterior cue. Moreover, when the 
rats with lesions failed to approach the contralateral cue, 
they went straight about as often as they turned ipsilaterally. 





AMC AND VISUALLY GUIDED LOCOMOTION 


Since failures to approach the contralateral cue were not 
particularly associated with ipsiversive turns, the deficit 
could be properly labeled as contralateral neglect. Cowey 
and Bozek [7] used this term to describe the turning bias 
displayed in a Y-maze by rats with unilateral AMC lesions 
that mainly damaged the medial precentral region. It is not 
clear that the deficits in the two studies are identical. Cowey 
and Bozek reported that the bias was easily overcome by 
differentially rewarding contralateral turns. The interpreta- 
tion of this finding is confounded by the possibility of re- 
covery in their study, but in any case, the deficit reported 
here occurred despite differential reinforcement. Contralat- 
eral neglect in man [8] and in monkeys [24] has been reported 
to follow damage to the anterior medial cortex. A key aspect 
of neglect in primates is its multimodal nature and the ab- 
sence of any basic sensory or motor impairments [10]. In the 
present study, only visual cues were tested in the cross 
maze, and the head orienting tests showed only marginal, if 
any, effects on responses to tactile stimuli. The question of 
the multimodal nature of the contralateral deficit will require 
more sensitive methods than the head orienting test used 
here. 

The performance of the rats with misplaced lesions was of 
interest for the eventual goal of determining the critical re- 
gions within the AMC for the deficit. In the rat with the 
unilateral lesion that largely spared the anterior cingulate 
region near the genu of the corpus callosum, performance 
was similar to that of controls. This finding suggests that 
damage to the AMC which includes the anterior cingulate 
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cortex but not the prelimbic region was sufficient to produce 
the deficit. The anterior cingulate region projects more 
heavily to the deep layers of the superior colliculus than does 
the prelimbic [5,16]. This corticotectal projection could con- 
tribute to the control of orienting behavior by the anterior 
cingulate region. The cortical connections of the anterior 
cingulate region in primates also suggest a role for the region 
in orienting. The region is reciprocally connected with the 
posterior parietal lobe and receives afferents from the dor- 
solateral prefrontal cortex [1,20]. Damage to any of these 
three areas produces contralateral neglect [8, 10, 24, 25]. 
Baleydier and Mauguire [1] have accordingly proposed that 
the anterior cingulate in the primate functions in attention as 
a ‘‘specialized motor area’’ which programs kinetic re- 
sponses to sensory stimulation. There seems to be some 
anatomical basis for generalizing this proposed role for the 
anterior cingulate to the rat because in both species the re- 
gion shows convergence of projections from the anteromedi- 
al and dorsomedial nuclei of the thalamus [6, 9, 14, 23]. For 
the rat that received a proper unilateral lesion and additional 
damage largely confined to the superficial layers of the AMC 
on the other side, errors were generally to cues which were 
contralateral to the proper lesion. This finding suggests that 
the deep cortical layers which would be expected to be the 
source of distant projections from the AMC are important in 
the control of visually guided locomotion. The question of 
critical regions within the AMC is currently under study in 
this laboratory. 
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LAWLESS, H. Paradoxical adaptation to taste mixtures. PHYSIOL. BEHAV. 29(1) 149-152, 1982.—Quinine, sucrose, 
quinine-sucrose mixtures, and water were employed both as preadapting rinses and as stimuli in a factorial experiment. 
Human subjects judged the perceived taste intensity of the 16 stimulus-rinse pairs, which were flowed over the dorsal 
anterior tongue surface. Previously documented effects of adaptation, mixture suppression, and release from suppression 
were observed. Following adaptation to quinine-sucrose mixtures, presentation of equimolar unmixed quinine or equimolar 
unmixed sucrose resulted in a reliable residual bitter or sweet taste, respectively, which was significantly greater than the 
taste following self-adaptation of the unmixed solutions. The residual taste following mixture adaptation suggests a periph- 
eral mechanism underlying suppression between bitter and sweet tastes in a mixture. 
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WHEN two substances of different taste qualities are mixed, 
the components are usually perceived as being less intense in 
the mixture than in equimolar unmixed solutions [1]. For 
example, a mixture containing 0.3 moles/liter sucrose and 
0.0001 moles/liter quinine sulfate is perceived as less sweet 
than a solution containing only 0.3 moles/l sucrose and less 
bitter than a solution containingly only 0.0001 moles/l 
quinine sulfate [9,10]. This phenomenon has been commonly 
called mixture suppression. A second important characteris- 
tic of the sense of taste is its tendency to adapt. When a 
solution of constant concentration is flowed over the tongue, 
it will decrease in perceived intensity over time [11, 13, 14]. 
This perceptual effect has a correlate in recordings from both 
primary afferent nerves and receptors [4, 15, 16]. 

A question of interest in recent research has been, **What 
happens to one component of a two-component mixture 
when the sense of taste is adapted to the other component?”’ 
If the sweetness of a quinine-sucrose mixture is reduced by 
preadapting the tongue with a sucrose rinse, will the bitter- 
ness of the mixture still be suppressed, even though the su- 
crose can no longer be perceived? Alternatively, the bitter- 
ness might rebound to the level it is perceived at in an 
equimolar unmixed quinine solution. In fact, the rebound has 
been observed. Flowing a sucrose solution over the tongue 
can release the bitterness of a sucrose-quinine mixture from 
suppression [9]. 

A physiological implication of this release from suppres- 
sion is that the site or sites of neural mechanisms giving rise 
to suppression must be at or central to the site or sites of 
gustatory neural adaptation. Since changing the adaptation 
state of the taste pathways can eliminate the suppressive 
effect, mechanisms of suppression which are peripheral to 
the site of adaptation appear unlikely. 

If the neural mechanisms of suppression are central to the 
sites of gustatory adaptive mechanisms, a mixture should be 
just as effective at cross-adapting its components as adapta- 
tion to those components themselves. For example, flowing 
a quinine-sucrose mixture over the tongue should be just as 


effective at reducing the sweetness of a subsequent equimo- 
lar sucrose solution as a rinse with the sucrose solution itself. 
Such an effect has been observed for NaCl-sucrose mixtures 
[7,8]. Flowing a sucrose-NaCl mixture over the tongue ap- 
pears to reduce the sweetness of sucrose and the saltiness of 
NaCl to the same degree as self-adaptation to those com- 
pounds. Whether this would occur with quinine-sucrose mix- 
tures is unclear, since different pairings of tastants in mix- 
tures may yield different interactions [2]. 

These observations are contrary to the expectation that 
since the mixture is less sweet, it should be a less effective 
adapting treatment for subsequent sucrose stimuli (and simi- 
larly less effective in reducing quinine bitterness). Will adap- 
tation to quinine-sucrose mixtures reduce the sweetness and 
bitterness of their equimolar unmixed component solutions 
to the same degree as self-adaptation? Such a result would 
offer additional support for the sequentiality of neural mech- 
anisms underlying adaptation and suppression. Alterna- 
tively, will the mixture fail to cross-adapt its components, as 
might be predicted from the suppressed intensities? Such a 
result would argue for a peripheral site of suppressive mix- 
ture interactions. 


METHODS 
Subjects 


Nineteen subjects volunteered to participate. Ten were 
male and nine were female. Ages ranged from 20 to 36 years 
of age. Ten subjects, Group 1, were employees of the U.S. 
Army Natick Research and Development Command. Eight 
subjects, Group 2, were staff of the Monell Chemical Senses 
Center. One subject, a 32 year old female, served in both 
groups. Two paid volunteers were recruited from the campus 
of the University of Pennsylvania, and also served in Group 
2 (N=10, both groups). All nonpaid subjects had some famil- 
iarity with sensory research or food product testing. All sub- 
jects were naive as to the purposes and theoretical questions 
of the study. 
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FIG. 1. The height of the bars represents mean taste intensity (+1 
S.E.) averaged over subjects and sessions. The open bars represent 
mean perceived sweetness and the hatched bars mean perceived 
bitterness. Rows group each stimulus; columns group each adapting 
rinse. Data from Group 1, quinine stimuli at 0.00032 M. 





Stimuli 


For Group 1, stimuli consisted of solutions of 0.32 M 
sucrose, 0.00032 M quinine sulfate, a mixture containing 
both 0.32 M sucrose and 0.00032 M quinine sulfate and 
deionized water. For Group 2, the quinine stimulus was 
0.0001 M, and the concentration of quinine in the mixture 
was also reduced to 0.0001 M. The mixtures were not 
produced by physically mixing the component solutions, 
which would have diluted them, but were prepared to be 
equimolar to the unmixed solutions. For example, the 0.32 M 
sucrose solution and the mixtures all contained 109.8 g/l su- 
crose. 


Procedures 


Stimuli were presented by a McBurney gravity flow sys- 
tem for 5-10 sec. All were preceded by a 30 sec adapting 
rinse. Rinses and stimuli were all presented at 4 ml/sec and at 
34.5°C. Subjects were instructed to remain as still as possible 
during the flow, and to close their lips around their extended 
tongues to prevent solutions from stimulating unadapted 
areas. Switching from rinse to stimulus usually resulted in an 
uninterrupted flow. 

Subjects were cued by a warning one sec before stimulus 
arrival. They were asked to judge peak taste intensity of the 
stimulus using the method of magnitude estimation without a 
modulus [17]. Briefly, subjects assigned numbers to stimuli 
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FIG. 2. Symbols are the same as for Fig. 1. Data from Group 2, 
quinine stimuli at 0.0001 m. 


in proportion to perceived taste intensity, and assigned these 
numbers to appropriate taste qualities (sweet, bitter, sour, 
salty or other) and divided their total intensity judgments 
into two or more qualities in the case of mixtures. 

Each stimulus also served as an adapting rinse producing 
a 4x4 factorial design. Two sessions were run for each sub- 
ject. Each session contained the 16 stimulus-rinse pairs for 
that group, presented in a different irregular order. 


Data Handling 


Since subjects were allowed to use any range of numbers 
they wished, judgments for each session were multiplied by 
an individual constant, chosen to make the grand mean for 
each session equal 250 (Group 1) or 200 (Group 2). This 
preserved the proportions among judgments for each sub- 
ject, and brought each subject’s judgments into the same 
range before averaging, to prevent subjects who used large 
numbers from receiving undue weight. 


RESULTS 


Figure 1 shows mean sweetness and bitterness (+1 S.E.) 
for the 16 stimulus-rinse pairs for Group 1. Figure 2 shows 
the analogous results for Group 2. With only two exceptions, 
the same effects were observed for the two groups, even 
though the perceived bitterness for Group 1 was about 45% 
higher (0.00032 vs 0.0001 M quinine sulfate). Analysis of 
variance revealed significant interactions of adapting rinse 
by stimulus for both sweetness, F(9,81)=17.50, Group 1, 
F(9,81)=23.77, Group 2, and bitterness, F(9,81)=28.78, 
Group | and F(9,81)=15.69, Group 2 (p<0.001, all cases). 
Paired comparisons were performed within rows and col- 
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umns using the procedure of Newman-Keuls ([18], p. 528). 
The following effects were significant at p<0.01 unless 
otherwise stated: 


Adaptation 


For Group 1, there was an 85% and a 90% decrease in 
perceived magnitude for sweetness and bitterness, respec- 
tively, comparing sucrose-after-sucrose to sucrose-after- 
water and comparing quinine-after-quinine to quinine- 
after-water. For Group 2, self-adaptation resulted in a 90% 
reduction in sucrose sweetness and an 80% reduction in 
quinine bitterness, compared to water adaptation. 


Mixture Suppression 


The quinine-sucrose mixture (after water adaptation) was 
42% less sweet than the equimolar sucrose solution (also 
after water) and 29% less bitter than the equimolar unmixed 
quinine solution (after water), for Group 1. For Group 2, the 
reduction in sweetness was 43% and the reduction in bitter- 


ness was 31%. This is shown in the left column of Figs. 1 and 
9 


-- 


Recovery from Suppression 


After adaptation to sucrose, the sweetness of the mix- 
tures was profoundly reduced and the bitterness of the mix- 
tures increased (p<0.01, Group 1, p<0.05, Group 2). The 
bitterness returned to the level perceived in the equimolar 
unmixed solution. This effect can be seen in Figs. 1 and 2, 
comparing the bitterness of the mixture after water (lower 
left panel) to the mixture after sucrose (next panel to the 
right) and to quinine after water (panel above left corner). A 
similar recovery in sweetness was observed when the mix- 
ture was preceded by adaptation to quinine. The sweetness 
returned to a level not different from the sweetness of the 
unmixed sucrose after water. 


Adaptation to Mixtures 


The second and third panels in the right column of Figs. 1 
and 2 show the effects of adaptation to mixtures on their 
components. When a solution equimolar to the component in 
the mixture was presented, only partial adaptation was ob- 
served. That is, the sweetness of sucrose-after-mixture was 
significantly greater than the sweetness of sucrose-after- 
sucrose (p<0.05, Group 2, p<0.01, Group 1). Compared to 
sucrose-after-water, the reduction due to adaptation to the 
mixture was 63% for Group | and 70% for Group 2, com- 
pared with 85-90% reduction for those groups when sucrose 
followed itself. The mixture was a less effective adapting 
treatment than the components themselves. This residual 
sweetness can be seen comparing the second and fourth 
panels in the second rows of Figs. | and 2. 

A similar residual bitterness was observed when quinine 
followed the mixture. This bitterness was significantly 
greater than the residual bitterness after quinine adaptation. 
The reduction due to mixture adaptation was only 66% and 
53%, as compared with 90% and 80% for quinine adaptation 
(Groups 1 and 2, respectively). 


Water Tastes 


In only one case was a significant water taste observed. 
Adaptation to quinine produced a water taste for Group 1. 
Cross-facilitation of sucrose sweetness by quinine adapta- 
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tion and of quinine bitterness by sucrose adaptation has also 
been attributed to addition of water tastes. In no case was 
significant cross-facilitation observed. A significant reduc- 
tion in sucrose sweetness following quinine adaptation was 
observed for Group 2, but not Group 1. The reasons for this 
cross-adaptation are unclear. 


DISCUSSION 


The present study replicated the effects of adaptation, 
mixture suppression and release from suppression in 
quinine-sucrose mixtures using dorsal anterior tongue (fun- 
giform/chorda tympani) stimulation. However, a paradoxical 
effect emerged when the quinine-sucrose mixtures were 
employed as the preadapting rinse. When followed by either 
quinine or sucrose, at a concentration equal to the compo- 
nent in the mixture, there was a reliable residual taste, com- 
pared to adaptation of the unmixed component by itself. The 
mixture was a less effective adapting treatment. 

The phenomenon of release from mixture suppression is 
consistent with a neural mechanism underlying suppression 
which is central to the mechanism of adaptation in the affer- 
ent pathway. However, the residual taste following adapta- 
tion to a mixture is not consistent with such a simple se- 
quential model. Complete cross-adaptation of a component 
by its mixture would be predicted if the site of suppression is 
central to the site of adaptation. The implications of this 
residual taste are that (1) the simple sequential model is 
wrong, and that (2) gustatory adaptation and mechanisms of 
suppression may take effect at the same level of the afferent 
pathway, or at several overlapping levels. 

Inhibitory or suppressive effects have been observed 
electrophysiologically in the primary afferent nerves in a 
number of species. For example, suppressive interactions 
have been observed in responses to mixtures in single-fiber 
recordings from hamster chorda tympani [5,6]. Group II cells 
in the geniculate ganglion of the cat are excited by amino 
acids that taste sweet to humans and are inhibited by amino 
acids which taste bitter [3]. At least part of the neural sub- 
strate for suppression may reside in the periphery at or be- 
fore the level of the first afferent nerve. A peripheral site 
leading to gustatory adaptation is also likely. The adaptive 
properties of vertebrate taste receptors are not entirely clear 
due to the difficulty of maintaining intracellular recordings 
under reasonable stimulus flow rates [16]. However, the de- 
cline in human chorda tympani activity under flow condi- 
tions corresponds to the time course of perceived gustatory 
adaptation [19]. 

One possible explanation for the residual taste following 
mixture adaptation is that a water taste may have been in- 
duced by a component of the mixture. For example, when 
sucrose followed the mixture, the quinine in the mixture may 
have induced a sweet water taste. This explanation is un- 
likely for two reasons. First, in only one of four possible 
cases was a water taste observed. Second, cross-facilitation 
of quinine bitterness by sucrose and of sucrose sweetness by 
quinine may be caused by the addition of water tastes [12]. In 
no case was significant cross-facilitation observed under 
these conditions. 

The difference between the residual taste observed in this 
study and the equivalence of mixture-adaptation and self- 
adaptation observed with NaCl-sucrose mixtures [7,8] could 
arise from several sources. In addition to the difference in 
compounds, the conditions of stimulation differed in tem- 
perature, flow rate, area of stimulation and the use of a 
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tongue chamber. Furthermore, the level of self-adaptation 
achieved in the NaCl-sucrose experiments averaged only 
56%, as opposed to 86% in the present study. Finally, the 
equivalence observed in the NaCl-sucrose experiments rep- 
resents a failure to reject the null hypothesis under condi- 
tions of high inter-individual variability, with 8 of 18 subjects 
actually showing some residual taste after mixture adapta- 
tion. In contrast, all subjects reported residual sweet or bit- 
ter tastes in this study. 

In spite of the difficulty reconciling these effects with a 
simple physiological model, the taste system adapts and 


LAWLESS 


suppresses in an orderly and lawful manner. Two general 
principles emerge regarding the relationship of adaptation 
and suppression in bittersweet mixtures. First, release from 
suppression shows that a component must be perceived to 
have a suppressive effect. Second, incomplete adaptation to 
mixtures shows that as perceived intensity is decreased, so is 
adapting efficiency. Both of these effects imply that sup- 
pression and adaptation are more predictable from (if not 
dependent upon) the perceived intensity of the tastants, 
rather than their physical concentrations. 
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BROIDA, J. AND B. SVARE. Strain-typical patterns of pregnancy-induced nestbuilding in mice: Maternal and experien- 
tial influences. PHYSIOL. BEHAV. 29(1) 153-157, 1982.—Pregnant C57BL/6J mice incorporate less material into mater- 
nal nests and build fewer fully enclosed nests than do pregnant DBA/2J mice. These strain differences are not ameliorated 
by additional reproductive experience since multiparous animals also exhibit a similar pattern. Reciprocally-crossed hybrid 
females exhibit DBA-like levels of pregnancy-induced nestbuilding and cross-fostered C57BL and DBA females retain the 
phenotype of their strain. Experiential and maternal environmental factors apparently are not responsible for strain 
differences in pregnancy-induced nestbuilding. Differences in ovarian function and/or central neural tissue sensitivity to 


ovarian hormones may modulate strain differences in pregnancy-induced nestbuilding. 
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IN female rodents, nestbuilding during pregnancy is instru- 
mental for the successful rearing of young following parturi- 
tion. Pregnant mice build nests which are larger and more 
fully enclosed then the ‘‘sleeping’’ nests built by non- 
pregnant females [5, 6, 19]. Construction of these ‘‘mater- 
nal’’ nests during pregnancy is dependent upon the release of 
ovarian hormones. For outbred mice, nestbuilding behavior 
and circulating progesterone (P) exhibit a steady increase 
from Gestation Days | to 11 followed by a decline in the 
behavior and plasma steroid levels beginning around Gesta- 
tion Day 15 (e.g., [5, 6, 12, 15]). Virgin female mice can be 
induced to exhibit maternal type nests if they are first ex- 
posed to a priming injection of estrogen (E) followed by con- 
tinuous exposure to P [6, 10, 11]. 

Genotype is an important modulator of nestbuilding ac- 
tivity. For example, Lee [7, 8, 9] reported significant strain 
differences in the nestbuilding activity of virgin CS7BL/6J 
and DBA/2J female mice in that the former incorporated 
more material into the nest than the latter. In the present 
series of experiments, we sought to further explore 
genotypic influences on nestbuilding activity by examining 
this behavior in pregnant C57BL/6J and DBA/2J female 
mice. These strains were utilized because it is well known 
that they dramatically differ with respect to many different 
aspects of endocrine function and hormone-dependent re- 
productive behavior (e.g., [3,4]). In the first experiment, 
nestbuilding behavior was monitored in female C5S7BL/6J 
and DBA/2J mice throughout pregnancy. 


EXPERIMENT 1 
METHOD 
C57BL/6J and DBA/2J mice, born and reared in our lab- 


oratory at SUNY-Albany, were used in these experiments. 
The animals were descendents of stock originally purchased 
from the Jackson Laboratory, Bar Harbor, ME. The animals 
were maintained in a temperature controlled environment 
(24+1°C) on a 12/12 hr light/dark cycle (lights on at 6:00 
a.m.). The animals had free access to food (Charles River 
Mouse Chow) and water, and were housed in 11 '/2*7'/2x5 
in. polypropylene cages with pine shavings on the floor. The 
mice were reared from birth in same sex litters of 4-6 animals 
and were weaned at 21 days of age. 

At 60-70 days of age, ten C57BL virgin females and the 
same number of DBA animals were timed-mated with simi- 
larly aged males of the same strain. When a vaginal plug was 
found (Day 0 of pregnancy), the animals were individually 
housed and provided with preweighed absorbent cotton 
placed into the food well of the wire grid cage cover (cf., 
[2,18]). Nestbuilding assessments were made the following 
morning and each morning thereafter until parturition. Qual- 
itative assessments were made according to the following 
scale (modified from [2]): Type 1: no nest; Type 2: saucer 
shaped; Type 3: raised sides; Type 4: fully enclosed. All 
cotton pulled into the cage was then removed and the cotton 
remaining on the cage top was weighed and replenished. This 
method provides an accurate assessment of nestbuilding be- 
havior since most, if not all, of the cotton pulled into the cage 
is incorporated into the nest [2,18]. 

Analysis of Variance (ANOVA) was used in this experi- 
ment as well as the others reported here in order to deter- 
mine main effects on the amount of cotton pulled. Where 
significant effects were obtained post-hoc comparisons using 
Fisher’s Least Significant Difference (LSD) Test (a=0.05) 
with appropriate error terms were performed [17]. The me- 
dian nest-quality score over the 19 days of pregnancy was 
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FIG. 1. Results of Experiment 1 showing mean amount of cotton 
pulled as a function of strain and day of pregnancy (left panel), and 
mean total amount of cotton pulled during pregnancy as a function of 
Strain (right panel). 


computed for each subject in this experiment as well as the 
others reported here and analyzed by the Mann-Whitney U 
Test. 


RESULTS 


Because pregnant C57BL females tended to deliver their 
young on the 19th day of gestation while DBA females deliv- 
ered their young on the 20th day, observations of nestbuild- 
ing were restricted to the first 19 days of pregnancy. 

Figure | portrays the mean amount of cotton pulled as a 
function of strain and day of pregnancy and the mean total 
amount of cotton pulled during pregnancy as a function of 
strain. The figure shows that animals of both strains exhib- 
ited the characteristic rise and subsequent decline in the 
amount of cotton pulled with advancing gestation. However, 
the mean amount of cotton pulled by DBA mice peaked at a 
higher level and did not decline as rapidly as that of their 
C57BL counterparts. Thus, the figure shows that pregnant 
DBA mice pulled more cotton than C57BL animals during 
the second half of pregnancy. An ANOVA performed on the 
mean amount of cotton pulled supported the above observa- 
tions in that significant effects of strain, F(1,18)=7.4, 
p<0.01, and day, F(18,324)=7.9, p<0.001, were detected. 
Importantly, the interaction of these variables was also sig- 
nificant, F(18,324)=13.7, p<0.001. Fisher's LSD Test 
showed that, with the exception of Gestation Day 17, preg- 
nant DBA females pulled significantly more cotton than 
CS57BL females between Days 9 and 19 of pregnancy. 

Table 1 summarizes the median nest quality scores for the 
two strains. The table shows that pregnant DBA mice exhib- 
ited higher median values than their CS7BL counterparts. A 
Mann-Whitney U Test showed that this difference was sig- 
nificant, U(10,10)=13, p<0.05. Thus, pregnant DBA females 
tended to build more enclosed nests and to incorporate more 
cotton into their nests than did pregnant C57BL females. 
Additional reproductive experience might ameliorate the ap- 
parent strain differences observed in the above experiment. 
To explore this possibility, animals in Experiment 2 were 
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TABLE 1 


QUALITATIVE ASSESSMENTS OF PREGNANCY-INDUCED 
NESTBUILDING 





Experiment/Group N Median (Range)* 





Experiment | 
CS7BL 3.74 (3.47-3.87) 


DBA 3.88 (3.64-3.97) 
Experiment 2 
Ist pregnancy 
CS57BL 3.5 
DBA 3.8 
2nd pregnancy 
CS7BL 3.35 (3.18-3.79) 
DBA 3.85 (3.71-4.00) 
Experiment 3 
CS7BL 
B6D2 
D2B6 
DBA 
Experiment 4 
C57 
Cross-fostered 
Within-fostered 
Control 
DBA 
Cross-fostered 
Within-fostered 
Control 


3.09-3.87) 
3.55-—4.00) 


3.21 (2.86-3.71) 
3.89 (3.77-3.97) 
3.88 (3.36-3.97) 
3.75 (3.55-4.00) 


3.43 (3.23-3.91) 
3.45 (3.18-3.77) 
3.54 (3.13-3.97) 


3.86 (3.71-3.91) 
3.93 (3.00-3.97) 
3.87 (3.77-3.97) 





*Median (and range) of median nest quality scores. The quality of 
the nest was rated each day during pregnancy according to the fol- 
lowing scale: 1=no nest, 2=saucer shaped, 3=raised sides, 4=fully 
enclosed. A median score was then computed for each animal. 


examined for nestbuilding behavior on two successive preg- 
nancies. 


EXPERIMENT 2 


METHOD 


Nulliparous 60-70 day old CS7BL (N=9) and DBA (N=11) 
females were timed mated with same strain stud males and 
tested for pregnancy-induced nestbuilding as described ear- 
lier. Testing was temporarily discontinued on the 19th day of 
pregnancy and the dams were left with their litters following 
parturition until Postpartum Day 21. At this time, the litters 
were weaned and the mother was remated with a same strain 
stud male. When a vaginal plug was found, testing was rein- 
stituted in the manner described earlier. 


RESULTS 


Figure 2 portrays the mean amount of cotton pulled as a 
function of strain, parous state, and day of pregnancy, and 
the mean total amount of cotton pulled during each preg- 
nancy as a function of parous state and strain. It is evident 
that during each pregnancy animals of each strain exhibited 
an initial increase in the amount of cotton pulled followed by 
a decline towards the end of gestation. The figure also shows 
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FIG. 2. Results of Experiment 2 showing mean amount of cotton 
pulled as a function of strain, parous state, and day of pregnancy 
(left panels), and mean total amount of cotton pulled during preg- 
nancy as a function of strain and parous state (right panels). 


that pregnant DBA females pulled more cotton than pregnant 
C57BL females on the first and second pregnancies with 
these differences most pronounced during the latter half of 
gestation. An ANOVA test on the mean amount of cotton 
pulled during pregnancy revealed significant effects due to 
strain, F(1,18)=16.4, p<0.001, and day of pregnancy, 
F(18,324)=15.6, p<0.001, but not for parous state, 
F(1,18)=1.99, p>0.05. The day by strain interaction was 
significant, F(18,324)=7.1, p<0.001, as was the pregnancy 
by day interaction, F(18,324)=4.0, p<0.001. Importantly, 
the three way interaction (strain by day by parous state) was 
not significant, F(18,324)=1.1, p>0.05, thus further indicat- 
ing that parity was without effect on the amount of cotton 
pulled by animals of the two strains. Fisher’s LSD test con- 
firmed the fact that pregnant DBA mice pulled significantly 
more cotton than pregnant CS5S7BL females on each preg- 
nancy. On days 6, 7, and 9-19 of the first pregnancy and on 
days 2, 7-9, and 11-19 of the second pregnancy, DBA 
females pulled significantly more cotton than did CS57BL 
females. The median qualitative scores for nestbuilding dur- 
ing the first and second pregnancies were similar to those of 
the quantitative scores (See Table 1). Mann-Whitney U 
Tests showed that pregnant DBA females exhibited higher 
nest quality scores than pregnant CS7BL females on each 
pregnancy, U(9,11)<=15, p<0.01. Wilcoxin Signed Ranks 
Tests showed that neither strain exhibited a change in me- 
dian nest quality from the first pregnancy to the second 
pregnancy (T(9 and 11)=30.5 and 102.5, p>0.05 for CS7BL 
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and DBA females, respectively). The above findings clearly 
show that additional reproductive experience does not 
ameliorate strain differences in nestbuilding behavior. 

Another factor which is known to mediate some strain 
differences in behavior is the prenatal and postnatal maternal 
environment (e.g., [13, 14, 16]). One way to explore the po- 
tential influence of maternal environmental factors is to 
examine nestbuilding behavior in _ reciprocally-crossed 
animals. Thus, CS7BL males are crossed with DBA females 
and their offspring are compared to the offspring of CS7BL 
females crossed with DBA males. The resulting hybrid off- 
spring have the same genotype but their mother should make 
a difference in the pups’ level of the behavior if prenatal 
and/or postnatal maternal factors are important for nestbuild- 
ing. Reciprocal crosses were used in the following experi- 
ment in order to examine maternal environmental influences 
on nestbuilding behavior. 


EXPERIMENT 3 


METHOD 


Nulliparous 60-70 day old CS57BL and DBA females were 
mated with similarly aged males of the same (C57BL female 
x CS57BL male=CS57BL offspring (N=21); DBA female 
DBA male=DBA offspring (N=21)) or opposite strain 
(CS57BL female x DBA male=D2B6 offspring (N=21); DBA 
female x CS57BL male=B6D2 offspring (N=20)). The 
animals were isolated when visibly pregnant and, following 
parturition, the resulting litters were adjusted to 4-6 female 
offspring. The animals were weaned at 21 days of age. At 55 
days of age, the females were timed-mated as described ear- 
lier and individually housed. Nestbuilding was assessed as 
described in Experiment 1. 


RESULTS 


The mean amount of cotton pulled as a function of strain 
and day of pregnancy, and the mean total amount of cotton 
pulled during pregnancy as a function of strain is illustrated 
in Fig. 3. Once again, as pregnancy advanced, animals of each 
line exhibited a rise followed by a decline in the amount of 
cotton pulled. Most importantly, however, it is evident from 
this figure that CS5S7BL pregnant females pulled much less 
cotton than pregnant females of the DBA strain and pregnant 
animals of both hybrid lines. From midgestation onward, 
pregnant CS7BL mice appeared to pull less cotton than preg- 
nant DBA and hybrid females. ANOVA tests on the mean 
amount of cotton pulled during pregnancy revealed signifi- 
cant effects due to strain, F(3,79)=32.5, p<0.001, and day of 
pregnancy, F(18,1422)=60.9, p<0.001. Post-hoc tests using 
the LSD test showed that pregnant DBA, D2B6, and B6D2 
females pulled significantly more cotton than did pregnant 
CS57BL females and that pregnant D2B6 animals pulled sig- 
nificantly more cotton than did pregnant DBAs. Although 
pregnant B6D2 animals appeared to pull significantly more 
cotton than did pregnant DBAs, this difference just missed 
statistical significance. Importantly, however, the pregnant 
hybrid lines did not significantly differ from each other with 
respect to the amount of cotton pulled. Pregnant DBA and 
hybrid females pulled significantly more cotton than preg- 
nant CS7BL females on Gestation Days 9 through 19. Also, 
Mann-Whitney U Tests on the median nest quality score 
showed that CS7BL female exhibited lower nest quality 
scores than pregnant B6D2, D2B6, and DBA females, 
U(20,21)<=5, p<0.001. Once again, pregnant D2B6 females 
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FIG. 3. Results of Experiment 3 showing mean amount of cotton 
pulled as a function of day of pregnancy, and strain (CS7BL, DBA, 
and reciprocal crosses: D2B6 and B6D2) (left panel), and mean total 
amount of cotton pulled during pregnancy as a function of strain 
(right panel). 


did not significantly differ from pregnant B6D2 females in 
terms of the median nest quality score. Because both hybrid 
lines exhibited high quantitative and qualitative nestbuilding 
scores, the findings show that there is dominance (indeed, 
probably overdominance) for the DBA phenotype of 
nestbuilding behavior. Moreover, the results also suggest 
that the strain of the mother has little influence on levels of 
nestbuilding activity. 

The extent to which postnatal maternal environmental 
factors modulate strain-typical patterns of behavior should 
also be assessed by use of the cross-fostering technique (see 
Broadhurst [1] for a discussion). Briefly, neonates are trans- 
ferred at birth to mothers of the opposite strain (cross- 
fostered). Postnatal maternal influences on nestbuilding be- 
havior would be implicated if pups reared by a foster mother 
behaved like pups of the foster mother’s strain; Postnatal 
maternal influences would not be implicated if cross-fostered 
pups behaved true to their own genotype. The above tactic 
was used in the following experiment. 


EXPERIMENT 4 


METHOD 


Nulliparous 60-70 day old CS7BL and DBA female mice 
were timed-mated as described earlier. At parturition, litters 
were adjusted to 4-6 pups and either cross-fostered to re- 
cently parturient dams of the opposite strain (Group CROSS, 
N=11 and 10 respectively for CS7BL and DBA mice), infos- 
tered to recently parturient dams of the same strain (Group 
WITHIN, N=10 and 15 respectively for CS7BL and DBA 
mice), or handled and returned to their natural mother 
(Group CONTROL, N=9 and 12 respectively for CS7BL and 
DBA mice). The animals were weaned at 21 days of age. At 
55 days of age, the animals were timed-mated and tested for 
nestbuilding as previously described. 
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FIG. 4. Results of Experiment 4 showing mean amount of cotton 
pulled as a function of strain, day of pregnancy, and fostering condi- 
tion (cross-fostered to opposite strain, in-fostered to same strain, or 
handled and returned to natural mother) (left panels), and mean total 
amount of cotton pulled during pregnancy as a function of strain and 
fostering condition (right panels). 


RESULTS 


Figure 4 shows the mean amount of cotton pulled as a 
function of day of pregnancy, fostering condition, and strain, 
and the mean total amount of cotton pulled during pregnancy 
as a function of strain and fostering condition. Consistent 
with previous experiments, the figure shows that the animals 
in every group exhibited an increase followed by a decline in 
the amount of cotton pulled with advancing pregnancy. Also, 
it is evident from the figure that pregnant DBA female mice 
pulled more cotton than did pregnant CS7BL females regard- 
less of fostering condition. Once again, the figure also illus- 
trates that strain differences in nestbuilding activity (i.e., 
DBA mice pulling more cotton than CS7BL animals) emerge 
around midpregnancy and persist through late gestation. 
ANOVA tests on the amount of cotton pulled during preg- 
nancy revealed significant effects due to strain, 
F(1,61)=46.1,  p<0.001, and day of pregnancy, 
F(18,1098)=86.4, p<0.001, but not for fostering condition, 
F(2,61)=1.0, p>0.05. Day of pregnancy was again found to 
interact with strain, F(18,1098)=22.2, p<0.001, and with fos- 
tering condition, F(36,1098)=1.7, »><0.01, but the three way 
interaction of these factors was not significant, 
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F(36,1098)=1.3, p>0.05. LSD tests showed that regardless 
of fostering condition pregnant DBA females pulled signifi- 
cantly more cotton than did pregnant CS7BL mice. Also, 
regardless of fostering condition, pregnant DBA females 
pulled significantly more cotton than pregnant CS7BL 
females on Gestation Days 9 through 19. Finally, regardless 
of fostering condition, pregnant CS57BL females exhibited 
significantly lower median nest quality values than did 
CS7BL mice, U(9,10)<=14, p<0.05. To summarize, cross- 
fostering does not influence either the quality or quantity of 
nests constructed by DBA and CS57BL mice. Therefore, 
postnatal maternal environmental factors do not influence 
strain-typical patterns of pregnancy-induced nestbuilding. 


GENERAL DISCUSSION 


The present findings show that female C57BL/6J and 
DBA/2J inbred mice exhibit significant qualitative and quan- 
titative differences in their nestbuilding activity during preg- 
nancy. From mid-gestation (Day 9) onward, C57BL females 
incorporate less material into maternal nests and build fewer 
fully inclosed nests than do DBA females. Additional repro- 
ductive experience does not ameliorate the above strain 
differences since animals of the two strains exhibit the same 
pattern of nestbuilding activity on their second pregnancy. 
Reciprocally-crossed hybrid females exhibit DBA-like levels 
of pregnancy-induced nestbuilding and _ cross-fostered 
CS57BL and DBA females retain the phenotype of their 
strain. The similarity of the hybrid strains to the DBA strain 
would suggest that ‘‘high’’ levels of the behavior is a domi- 
nant trait and may represent an advantageous adaptation. 
More importantly, however, the findings show that expe- 
riential and maternal environmental factors are not respon- 
sible for strain differences in pregnancy-induced nestbuild- 


ing. 
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It is unclear at the present time as to how genes modulate 
Strain-typical patterns of pregnancy-induced nestbuilding 
behavior. Because nestbuilding behavior is positively corre- 
lated with body surface area and negatively correlated with 
body temperature [9,19], genotypic variation in the behavior 
may be due to strain differences in body weight or tempera- 
ture. This does not appear to be the case, however, since 
preliminary observations (Broida and Svare, unpublished 
observations) indicate that pregnant DBA/2J and C57BL/6J 
female mice do not differ with respect to core temperature or 
body weight. Alternatively, because the behavior is known 
to be progesterone (P) dependent [6, 10, 11], it is tempting to 
speculate that the genome mediates strain differences in 
pregnancy-induced nest construction by controlling circulat- 
ing levels of P and/or the sensitivity of the brain to the 
steroid. Work currently in progress in our laboratory is de- 
signed to examine the above possibility. 

The study of nestbuilding behavior during pregnancy 
would seem to offer special advantages for those interested 
in behavior-genetic analysis. It is a species-typical behavior 
which is easily quantifiable and markedly influenced by 
genotype. Just how genes function to modulate physiological 
status and animal behavior is a problem central to our un- 
derstanding of individual differences. The systematic study 
of the mechanisms underlying strain differences in nestbuild- 
ing may be a small step toward answering the above ques- 
tion. 
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TACHIBANA, T. A comment on confusion in open-field studies: Abuse of null-hypothesis significance test. PHYSIOL. 
BEHAV. 29%1) 159-161, 1982.—The confusion in open-field studies which has resulted from a misinterpretation of satis- 
tical results was examined. Several discrepant results obtained on the basis of significance tests have revealed that the dis- 
crepancy was not so serious as had been thought. Examples of highly reliable but substantially small experimental effects 
were presented to indicate the erroneous impression given. The expectation that consistent results can always be obtained 
from even a small sample size was criticized. In order to reduce some of this confusion, the use of strength of association 
(7?) together with consideration for statistical power in the interpretation of open-field results was recommended. 
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THE open-field test (OFT) has been widely used in the be- 
havioral study of rodents. However, there have been many 
conflicting results in OFT studies, and two critical reviews 
have appeared [1,16]. Differences in OFT results may be, as 
Walsh and Cummins [16] pointed out, a consequence of differ- 
ences in variables such as species, strain, age, experimental 
situation, etc. However, discrepancies resulting from differ- 
ences in experimental methods are inevitable to some extent. 
Furthermore, in order to establish the generality of OFT, 
studies using different methods are needed. In this note, 
I attempt to draw attention to another type of discrepancy, a 
discrepancy in results due to the misinterpretation of statisti- 
cal tests. 

In current OFT studies, the null-hypothesis test of signifi- 
cance has been the primary standard in the analysis of OFT 
data. In view of the positive correlation between statistical 
power and sample size, it is clear that the significance test 
alone is not a sufficient indicator of the importance of re- 
sults. Indeed, when large samples are used, almost any dif- 
ference among means and almost any correlation different 
from zero are likely to be statistically significant [6]. How- 
ever, most OFT researchers have neglected this fact and use 
the significance test as the sole criterion in the evaluation of 
experimental effects. This has resulted in increased confu- 
sion in the interpretation of OFT results. The object of this 
note is, therefore, to point out this confusion and to propose 
the use of an index of strength of association, in conjunction 
with consideration of statistical power, as a remedy. In so 
doing, this note will comment critically on two OFT reviews 
[1,16]. The discussion that follows is not new, but it may be 
salutary as a fresh warning of the effect of misinterpreting 
statistical tests in OFT studies. 


SIGNIFICANCE TEST AND STRENGTH OF ASSOCIATION 


In spite of the frequent use of the product-moment corre- 
lation (r) in OFT studies, the square of the correlation coef- 
ficient (r’—the coefficient of determination) has seldom been 
used. The meaning of r? is intuitively clearer than that of r. 
For example, an r? of 0.25 between variables A and B indi- 
cates that 25% of the variance in A can be accounted for (or 
predicted) by variable B. In the case of f- or F-tests, we can 
use eta squared (7?) as a relative of r*. The interpretation of 
7’ is also straightforward: it represents the rate of variance in 
the dependent variable accounted for (or predicted) by the 
independent variable. The value of 7? is index of the strength 
of association of the magnitude of an experimental effect. 
The value of 7? constitutes a descriptive statistic based on a 
sample. If an inferential measure of association is desired, 
omega squared (w*) is appropriate. This is an estimate of the 
strength of association in the population. In order to keep the 
matter simple, we have restricted our attention to r’ and 7? in 
the present note. 


CORRELATION STUDIES OF OFT 


It is known that defecation in the open field occurs at a 
higher frequency than in a familiar environment, and wanes 
with repeated exposure to the open field. Because of these 
facts, open-field defecation has been regarded as the most 
valid index of so-called emotionality, but not without qualifi- 
cation [11,13]. Some studies have been conducted to investi- 
gate whether any consistency in defecation can be obtained 
in various stress situations. Ley [5] reported that the corre- 
lation between defecation during OFT and defecation during 
fear conditioning was positively significant (r=0.24, 
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p<0.05), findings which supported emotionality as an index 
of general drive. On the other hand, Seliger [8] reported that 
the correlation between open-field defecation and water- 
wading defecation was not significant (r=0.15), and con- 
cluded that defecation alone was not a sufficient description 
of emotionality. The interpretations of these results were 
apparently contradictory. Since statistical significance sim- 
ply implies that the r of the population is not zero, the coeffi- 
cient of determination (r?) might help to interpret the findings 
of Ley and those of Seliger. In view of the magnitude of r’, 
the values of 0.06 for Ley and 0.02 for Seliger are both small 
and do not seem to make much difference in the magnitude 
of the effect in question. The problem of whether 0.06 (or 
0.02) is sufficiently large (or small) to confirm (or deny) the 
relationship will be mentioned later. 

There are other studies which have investigated the pos- 
sible correlation between open-field defecation and other 
measures assumed to be an index of emotionality. Bindra 
and Thompson [2] reported that the correlation between 
open-field defecation and timidity-test scores (cage emer- 
gency test) was not significant (r=0.26), and concluded that 
emotionality is not generally valid measure of fearfulness. 
On the other hand, Snowdom, Bell, and Henderson [10] 
found that the correlation between defecation and heart rate 
is significant (r= —0.30, p<0.05), and concluded that a high 
heart rate corresponds to a low level of emotionality. In 
these studies, the r*s (0.07 and 0.09) are close to being equal. 

The correlation between defecation and ambulation in the 
open field has been frequently reported to be negative. How- 
ever, a few studies have reported a nonsignificant relation- 
ship. For example, Pare [7] found that correlation between 
defecation and ambulation was not significant (r= —0.13). He 
interpreted the result so as to suggest that ambulation and 
defecation in the open field are independent and, therefore, 
ambulation is not a useful index of emotionality. On the 
other hand, Walden [15] reported a significant negative cor- 
relation between the two measures (r=—0.27, p<0.05), and 
concluded that innate timidity (reflected by open-field defe- 
cation) suppresses exploration in a novel environment. The 
r’s (0.02 and 0.07) are also similarly small and do not seem to 
make much difference in the importance placed upon the 
interpretation of the results. It is apparent from the above 
mentioned examples that even results apparently discrepant 
in terms of a significance test are not necessarily discrepant 
in terms of r?. 


ANALYSIS OF VARIANCE STUDIES OF OFT 


In the analysis of the correlation, although the signifi- 
cance test is primarily regarded as important, the value of r 
as an index of the strength of association is also considered. 
But, in the analysis of variance (ANOVA), which has also 
been used widely in OFT studies, most investigators ob- 
served only p values in order to decide whether obtained 
experimental effects were meaningful. The size of the F 
value itself does not reflect directly the magnitude of the 
experimental effect. In this case, we have no information 
about the magnitude or importance of the experimental ef- 
fect. Thus, erroneous interpretations and confusion in 
ANOVA (and f-test) studies of OFT are expected to be even 
greater than in correlational studies. The observation of 7? 
can be a safeguard against an erroneous interpretation due to 
a highly reliable result, but a very small experimental effect. 
Also, observation of 7? may reveal that the seeming discrep- 
ancy between studies based on a significance test were in 
fact substantially similar. 
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Regrettably, most OFT studies have not reported the 7? 
or w*. Thus, it is very difficult to point out the above men- 
tioned confusion by concrete examples. If an analysis were 
conducted by /-test, one-way ANOVA, or factorial two-way 
ANOVA by a fixed-effect model, we can estimate 7? by its F 
value (or ¢ value) and its df. However, most OFT studies 
have been conducted with a more complex design, viz, a 
repeated-measure design. Therefore, we must discuss the 
problem with very restricted examples for which we can 
estimate the 7? value. 

One fault derived from the supposed superiority of the 
significance test is that we have no safeguards against seem- 
ingly important results which show a highly statistically sig- 
nificant but substantially small experimental effect. Singh 
[9], for example, reported that rats from an emotionally re- 
active strain acquired a greater fear response than those from 
a nonreactive strain. The strain difference in acquisition was 
highly statistically significant, F(1,256)=13.92, p<0.001. 
These strains had been selectively bred on the basis of defe- 
cation in the open field. Therefore, he concluded that open- 
field defecation is a valid measure of emotional reactivity. 
The 7? of the strain difference was 0.05. Despite the very 
statistically significant result, the magnitude of 7? might not 
be enough to insist that open-field defecation is valid meas- 
ure of emotional reactivity. 

Whittier and McReynolds [17] reported that mice spend 
more time on a previously occupied side of an apparatus than 
on a previously empty one, implying an attraction to the odor 
cues left by another mouse (z=3.08, p<0.002). They in- 
sisted, on the basis of the highly statistically significant 
effect, that experiments using rodents should take account of 
the odor effect, and proposed the disquieting thought that 
previous results may have been influenced by the uncon- 
trolled odor effect. Surely, we must acknowledge the odor 
effect. However, we should see the results not only in terms 
of the p value but also in terms of the 7? value. The value of z 
(3.08) corresponds to an 7” of 0.09. Thus, 9% of the total 
variance of the dependent variable is accounted for by the 
odor effect. Or, 91% of the remaining variance is not ac- 
counted for by the odor effect. The 0.09 of n? seems to mean 
that some uncontrolled effects were involved in previous 
studies, but that these effects were not as serious as the 
statistical significance (p<0.002) implied. 

In addition to the misinterpretation of significance tests in 
OFT studies, little attention has been paid to type II errors in 
the interpretation of the results of experiments which do not 
agree. One of the pitfalls is our tendency to attribute incon- 
sistency in results to differences in experimental procedure. 
However, because of the usual low-power situation of so 
much behavioral research, even if the same experiment is 
repeated exactly, significant results are not always obtained. 
Therefore, it seems more reasonable to attribute an inconsis- 
tency in results to the low probability of detecting a statisti- 
cally significant experimental effect than to differences in 
experimental procedure [12]. 

Denenberg and Rosenberg [3] found no significant differ- 
ence in defecation in the open-field between offspring of two 
types of mother (handled in infancy or not). This result con- 
tradicted the results of their previous study which obtained a 
significant difference [4]. They interpreted this discrepancy 
in terms of a difference in the age of the rats. Surely, the 
possibility of the age difference cannot be denied. However, 
this interpretation of discrepant results seems to be too easy 
when we consider the power situation of such an experi- 
ment. Statistical power is rarely so large that we can expect 





OPEN-FIELD TEST AND SIGNIFICANCE TEST 


consistent statistically significant results. We must consider 
the strong possibility of failure to detect a statistically signif- 
icant experimental effect by chance in the interpretation of 
inconsistent results. 

The two reviews [1,16] referred to in this paper emphasize 
the unreliability of OFT results. However, it should be noted 
that consistent statistically significant results can not readily 
be expected in such small sample sizes as is the case of the 
typical OFT study, because small sample size results in small 
power. The two reviews seem to suffer from ‘‘belief in the 
law of small sample,”’ that is, the conviction that any sample 
regardless of size must necessarily be highly representative 
of its population [14]. In addition, since the two reviews do 
not take 7? into consideration, the contradiction and confu- 
sion in OFT studies may not be as serious as these reviews 
suggest. 


SETTING A CRITERION OF STRENGTH OF ASSOCIATION 


Although the 7? approach has been stressed in this paper, 
it is important to note that a large value of 7” in a small 
sample study is not always meaningful, because the reliabil- 
ity of n? depends on sample size. In the case where 7? is large 
but there is no statistically significance effect, 7? lacks relia- 
bility, and another experiment by a larger sample is needed. 
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Therefore, it is necessary to examine a p-value obtained by a 
null-hypothesis test. It should also be noted that if sample 
sizes are very different from each other, a direct comparison 
of the values of 7? can not be made. 

Then where should we set an acceptable criterion of *? 
How large an 7” is important practically? There is no simple 
criterion. The choice of the criterion depends heavily on the 
nature and context of the field application. In some cases, 
even a small 7? may be meaningful, whereas in others, a 
rather large yn? may be needed to substantiate an experimen- 
tal effect as having meaning. The seeming arbitrariness in the 
selection of a criterion for 7? might be considered a weakness 
of this approach. However, if the primary aim of statistical 
analysis is to assess the magnitude of an obtained experimen- 
tal effect rather than to make a decision to accept or reject a 
null hypothesis, then careful consideration will have to be 
paid to the selection of a criterion on the basis of practical 
considerations related to the experiment and the implications 
of its findings. 
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SCHAEFER, G. J.,R. W. BONSALL AND R. P. MICHAEL. An easily constructed biphasic constant-current stimulator 
for intracranial self-stimulation. PHYSIOL. BEHAV. 291) 163-165, 1982.—This paper describes a biphasic, constant- 
current stimulator that is appropriate for intracranial self-stimulation (ICSS) studies. The stimulator is made from compo- 
nents that are readily available in electronic supply stores at low cost. A printed circuit board has also been designed for the 
stimulator which facilitates its production. The device has proven extremely reliable in various ICSS paradigms. 


Brain self-stimulation Constant-current stimulator 
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RESTRICTED research budgets and the ever-increasing 
cost of electronic devices for behavioral experiments make it 
desirable to construct apparatus ‘‘in house’’ whenever 
possible. A considerable amount of time is involved in de- 
signing and testing the circuitry, but once its reliability has 
been demonstrated, the fabrication of the equipment can 
usually be quite rapid. For the past several years we have 
successfully designed components for our studies on electri- 
cal brain self-stimulation in rats. In a previous report we 
described a stimulator that was incorporated into an appara- 
tus used for auto-titration brain self-stimulation in rats and 
interfaced with a minicomputer [1]. In this report, we de- 
scribe a much improved version of the stimulator alone. The 
device produces biphasic, constant-current pulses, the tim- 
ing functions of which are controlled by 555 integrated cir- 
cuit (IC) timers. The logic functions are controlled by 
transistor-transistor logic (TTL) devices of the 54/7400 series 
logic family. The availability and low cost of these items 
make them useful for this type of design. The stimulator can 
be made for approximately $50.00 which compares with 
amounts in excess of $1000.00 for a commercially available 
equivalent. 


DESIGN 


Figure | presents a functional diagram of the stimulator. 
For the sake of clarity only the pin configurations are shown 
for the IC devices. The wiring diagrams of the individual IC 
device along with other applications can be found in the 
following technical manuals: 7405, 7408, 74164—Signetics 
Logic—TTL Data Manual (Signetics Corp., Sunnyvale, 
CA); 555, 1458—Signetics Analog Data Manual. When the 
manipulandum inside an operant conditioning chamber is 





pressed, the 555 pulse train timer is activated for a pre- 
selected duration. This duration is set by the potentiometer 
wired to the pulse train 555 timer. The potentiometer is 
mounted on the front panel for easy selection of the train 
duration. The manipulandum is connected to the front panel 
by way of a miniature phone jack. The frequency and 
pulse-width parameters are also controlled by 555 timers and 
their ranges are set by the corresponding potentiometers that 
can also be mounted on the front panel. The biphasic output 
of the stimulator is produced by generating two DC levels 
that are equal in voltage but opposite in polarity. These two 
signals have the same frequency and pulse-width. There is 
no latency between the positive and negative pulses (see Fig. 
1). The biphasic stimulus is then formed by summing and 
amplifying the individual pulse trains. Subsequently, the 
output is converted into a constant-current stimulus by feed- 
ing it into an operational amplifier (1458) whose feedback 
resistance is the bipolar electrode in the brain of the animal. 
If desired, the two halves of the biphasic output can be ad- 
justed to different voltages, and a positive or negative 
monophasic output can be produced. 

In order to calibrate the stimulation current, a milliamme- 
ter is attached to the front panel through banana jacks. A 
4-pole momentary pushbutton switch is then pressed. This 
removes the electrodes from the circuit and allows the stimu- 
lation current to be adjusted across a precision 10 kf? resis- 
tor. The precision resistor allows a voltmeter or oscilloscope 
to be used to measure the current. When the pushbutton 
switch is released the current is then available at the output 
to the electrodes. An additional feature of this design is the 
placement of a miniature relay across the output to the elec- 
trodes. This relay shorts the electrodes in the inactive state 
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WAVEFORM AT ELECTRODES 


FIG. 1. Wiring diagram for the stimulator. All resistance values are in ohms and all capacitance values are in microfarads. Abbreviations: 
mA—milliammeter. The printed circuit board layout is available from the authors on request. List of components: (Jameco Electronics, 1355 
Shoreway Road, Belmont, CA 94002) 555 Timer, 7405 Hex Inverter, 7408 AND Gate, 74164 8-Bit Register, 1458 Operational Amplifier, 
PN2222 Transistor, 2N3055 Transistor; (Newark Electronics, 6950 Peachtree Industrial Blvd., Norcross, GA 30071) SA44SDW1 Pushbutton 


Switch, DR-SVDC Relay, 534 Spectrol Potentiometer. 


and thus prevents an accidental current leakage to the 
animal. Maximum current output is 1.2 mA zero to peak into 
a 10 kD. load. However, we use stimulation currents from 50 
to 300 wA. The wave-form remains constant when different 
loads are placed in the circuit. The rise time of the stimula- 
tion pulses is less than five microseconds. It should be noted 
that neither side of the electrode is connected to circuit 
ground. This is relevant should an investigator wish to 
monitor the current on an oscilloscope during stimulation. 
One method to achieve this with minimal distortion of the 
wave-form would be to measure the potential drop across a 
100 ohm resistor in series with the electrodes using a high 
impedance, preferably isolated, differential oscilloscope. 


To facilitate production of the stimulator, we have de- 
signed a printed circuit board (costing less than $6.00 per 
board) that contains all the wiring of the components and 
tabs for connections to the front panel. This was made from a 
kit (32XA-1, Vector Electronics Co., Sylmar, CA) available 
from electronic supply firms such as Allied Electronics (Fort 
Worth, TX). The 32XA-1 kit provides all the materials 
needed to make several printed circuit boards. A copy of our 
artwork layout used to make the ciruit board is available 
without charge upon request. The board can be incorporated 
into a free-standing chassis or attached to a Plexiglas front 
panel and mounted on a standard power bar rack commonly 
used to support +28 VDC programming modules. 





CONSTANT-CURRENT STIMULATOR 


APPLICATION 


This stimulator is being used in continuous reinforce- 
ment, fixed ratio reinforcement and _ discrimination 
paradigms, and it has proved to be extremely reliable. It has 
been interfaced with a Digital PDP-12 computer (Digital 
Equipment Corp., Maynard, MA), with +5 VDC modular 
solid-state equipment, and with +28 VDC electromechanical 
equipment. Power requirements for the stimulators are +5 
VDC, and + 12-18 VDC. In order to power the stimulator as 
well as additional +5 VDC modules, we use an Acopian 
Triple Output Power Supply (Model 51212T9, Acopian 
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Corp., Easton, PA). This power supply provides +5 VDC 
and +12 VDC. In our experience, the construction of the 
stimulator is a simple task that does not require special elec- 
tronic expertise. 
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FINE, M. L. Possible lateralization of function in toadfish sound production. PHYSIOL. BEHAV. 27(1) 167-169, 1982.— 
Sounds in toadfish are produced by simultaneous contraction of paired swimbladder muscles. Muscle synchronization has 
been attributed to electric synapses within the midline sonic motor nucleus. This note describes three sounds, which appear 
to be produced by different contraction patterns of the left and right muscles, suggesting that a single motor nucleus is 


capable of simultaneously producing two different outputs. 


Toadfish Lateralization Sound production 





THE oyster toadfish Opsanus tau produces two sounds, an 
agonistic grunt and a courtship boatwhistle [7,16], by con- 
tracting a specialized pair of sonic muscles [10,15] intrinsic 
to the swimbladder [3]. The fibers of the sonic muscles are 
short (10 mm in length) and oriented vertically [15], trans- 
verse to the long axis of the swimbladder, so that their con- 
traction compresses the floor and roof of the bladder. Since 
both ends of the muscle are free (not attached to a rigid 
bone), the muscle can contract rapidly, at times over 300 
times a second without fusing. Electromyographic and 
acoustic recordings have demonstrated that the muscle con- 
traction rate generates the fundamental frequency of these 
vocalizations and that the two sonic muscles contract simul- 
taneously [15]. The muscles, one on each side of the swim- 
bladder, are multiply innervated by a cholinergic nerve [10], 
which has been shown by retrograde transport of horserad- 
ish peroxidase to project to the ipsilateral half of the single 
sonic motor nucleus (SMN) located on the midline in the 
rostral spinal cord and anterior medulla [6]. Electrical brain 
stimulation of sonic areas on either side of the midbrain, 
medulla or anterior spinal cord is sufficient to evoke sound 
production [1, 2, 5]. These bilateral centers project to the 
single SMN, which contains electrically coupled neurons 
[14] that are assumably responsible for the synchronization 
of action potentials in the left and right occipital nerve and 
therefore the synchronized contraction of the paired sonic 
muscles. There is only a 0.3-0.5 msec difference in onset of an 
action potential between the cranial and caudal ends of the 
muscle over a length of 40-50 mm [15]. Therefore fibers 
covering the whole length of the muscle are activated in and 
will contract in almost perfect synchrony. 

Over years of recording toadfish vocalizations in the field 
and evoking them by electrical stimulation in the laboratory, 
I have accumulated some anomalous sounds which are attrib- 
utable to independent contraction of the two sonic muscles. 
This thesis implies that a single motor nucleus is capable of 
sending different messages through its left and right nerves 
and could be interpreted as functional lateralization. 


Communication 


CASE 1 


The first case comes from electric stimulation of the 
brain. The following grunt [4] is a short or long series of 
pulses with a stereotyped pattern occurring after cessation of 
the electric stimulus. A similar natural sound is occasionally 
heard (personal observation), but its function is unknown. 
Some of the pulses in a following grunt can have greater 
amplitude and higher frequency components than others 
(Fig. 1A). One of two hypotheses could account for these 
differences. 


Hypothesis 1 
Muscles are contracting more forcefully (greater motor 
unit recruitment) when generating the high-amplitude pulses. 
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Hypothesis 2 


The low-amplitude pulses are produced by a single mus- 
cle, while the high-amplitude pulses are produced by simul- 
taneous contraction of both muscles. 

Amplitude of fish sounds [7] has been little studied be- 
cause of the twin problems of making meaningful measure- 
ments in small tanks and knowing the position of a fish relative 
to a hydrophone in the field. Yet, several lines of evidence 
point to the second hypothesis. Recording from an unrelated 
fish (Congiopodus) with a paired sonic muscle swimbladder 
arrangement, Packard [13] demonstrated that a sound pulse 
would still be produced even if one of the two sonic muscles 
failed to fire an action potential. Normally, the two muscles 
fire synchronously as in the toadfish. Packard’s demonstra- 
tion provides physiological evidence and a precedent for 
what I am claiming in the toadfish. Secondly, the toadfish 
does not typically produce sounds of different amplitudes. 
One can listen to an individual calling male for long periods 
and, depending on variations in the background noise, boat- 
whistles will not vary more than a few dB on the VU meter 
of a tape recorder. Thirdly, a calling fish demonstrates in- 
creased motivation by calling faster rather than louder [7, 9, 
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FIG. 1. Sonograms of natural sounds and a sound evoked by electrical brain stimulation in Opsanus tau. (A) 
Excerpt taken from a sequence of grunts produced following cessation of brain stimulation. Fish from Charleston 
Pond, Rhode Island. (B) Excerpt from a sequence of grunts recorded in the Broadkil River, Lewes, Delaware, 29 
July 1968. (C, D and E) Boatwhistles recorded in Narrow River, Rhode Island, 6 June 1974: (C) typical call; (D) 
boatwhistle with a grunt in the middle; (E) oscillogram of selection D. All sonograms made with a 1500 Hz scale 
and a wide band filter except selection A which used a narrow band filter. 


17, 18]. Finally, Gainer and Klancher [10] state that the 
toadfish sonic-muscle fiber is unique because it is capable of 
rapid twitch yet has polyaxonal and multiple innervation 
along its entire length. They see this as a mechanism for 
synchronization of the entire muscle, and therefore the 
muscle is not designed for a graded response. 


CASE 2 


On rare occasions, grunts in the field (Fig. 1B) are emitted 
with pulses of two different amplitudes. Interpretation is 
equivalent to that of Case 1. Examples of this phenomenon 
in a natural sound make it unlikely that desynchronization of 
the two muscles in the following grunt could be the result of 
deteriorating condition in an experimental subject. 


CASE 3 


A normal field-recorded boatwhistle begins and ends with 
an asynchronous gruntlike portion and consists of a funda- 
mental frequency, generated at the muscle contraction rate, 


and higher order harmonics (Fig. 1C). Occasional boatwhistles 
have a grunt interposed between the rise-fall portion of the 
call (Fig. 1D, E). Repetition of this same call pattern elimi- 
nates the possibility that the grunt is produced by a nearby 
fish. Such calls would be equivalent to a human uttering a 


long [ah] with the word ‘‘pop”’ in the middle: The sound 
would require three operations (ah pop ah) and could not be 
produced in a continuous motion. A toadfish sonic muscle 
would be similarly restricted, yet Fig. 1D demonstrates that 
the tonal portion of the boatwhistle continues during the 
grunt. Such a call can be explained by postulating that one 
sonic muscle is producing the boatwhistle and that the other 
is silent and then independently contracts to form the grunt. 

Lateralization, specifically left hypoglossal dominance, 
has been reported in song birds [12]. Sectioning the left 
hypoglossal removes most of the syllables from a bird’s 
song, while sectioning the right branch of the nerve has les- 
ser effects. There is no previous demonstration of lateraliza- 
tion in fishes, and the phenomenon described in toadfish 
does not refer to dominance but rather to the potential to 
send different messages to the left and right side of the body 





TOADFISH SOUND PRODUCTION LATERALIZATION 


from a single motor nucleus. Greenwalt [11] has described a 
similar phenomenon, namely ‘“‘internal duetting,’’ by acous- 
tic inference in a large number of song birds. Both syringial 
muscles are active simultaneously, but each is contracting at 
a different frequency, thereby producing different parts of 
the song syllable. 

The functional significance of these ‘‘lateralized’’ toad- 
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fish calls is open to question. While they may be behavioral 
anomalies, two of them were recorded from undisturbed 
animals in nature. These sounds offer insight into complexi- 
ties within the toadfish SMN, the motor neurons of a final 
common pathway, and indicate that the nucleus may be 
capable of producing two different simultaneous outputs. 
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OLIVERIO, A. AND C. CASTELLANO. Classical conditioning of stress-induced analgesia. PHYSIOL. BEHAV. 2%1) 
171-172, 1982. Exposure of mice to a series of inescapable shocks produced analgesic reaction. This type of naloxone 
reversible, stress-induced analgesia responds to classical conditioning. Stress-induced analgesia involves activation of the 
opiate system: thus this type of analgesic mechanism responds to classical conditioning. 
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A NUMBER of painful or stressful events produce an anal- 
gesic reaction [2,3]. This phenomenon, defined as stress- 
induced analgesia, has been related to the psychological and 
physiological factors that activate endogenous pain control 
and opiate systems. Electrical stimulation of central gray 
areas has been reported to elicit analgesia comparable to 
small doses of morphine [1,9]. It has been suggested [7] that 
endogenous opiates are released in response to stress, and 
inhibit pain by activating this midbrain system. It has been 
also shown that electrical stimulation of central gray area, 
which activate centrifugal inhibitory systems, influences the 
perception of pain in animals [5]. In particular Chance [5] 
indicated that autoanalgesia may result from lesion-induced 
hyperemotionality or from other fear-inducing treatments. 
The antinociception resulting from these treatments was 
named autoanalgesia, since it is behaviorally-induced and 
results from neuronal activity of endogenously synthesized 
molecules. According to Chance [5], although endorphins 
are involved as mediators of autoanalgesia, other neuronal 
mechanisms must be also involved. Also Grau ef al. [6] 
showed that exposure of rats to inescapable shocks 
produced in sequence both an early naltrexone-insensitive 
and a late naltrexone-reversible analgesic reaction. Activa- 
tion of the opiate system was necessary and sufficient to 
produce analgesia 24 hours later on exposure to a small 
amount of shock. 

Since emotional mechanisms seem to play a relevant role 
in stress-induced analgesia, we decided to assess if this reac- 
tion responds to classical conditioning, e.g., if analgesic re- 
actions could be elicited by the same neutral stimulus which 
was previously paired to painful events (footshock) which 
produce analgesia. 


METHOD 


An experimental procedure already used by Grau er al. 
[6] was adopted. Sixteen Swiss Webster male mice (25-30 g) 


were subjected to 60 5-seconds inescapable footshocks on a 
fixed interval (1 minute) schedule. The apparatus was a 
white plastic box (20x10 cm) with a grid floor previously 
described [4]. The mice were subjected to a tail-flick latency 
test immediately before or immediately after 60 inescapable 
shocks (Session 1). In the tail-flick test a beam of intense 
light is focused on the tip of the mouse tail. A timer is auto- 
matically started when the light is turned on and stopped 
when the tail is flicked in response; this also turns off the 
light. Twenty four hours after Session | the animals were 
again subjected to a series of 60 inescapable shocks (Session 
2) preceded and followed by a tail-flick latency test. 

Naloxone (HCl) (ENDO Laboratories, Garden City, 
NY), was used in some experiments at the dose of 5 mg/kg. 
The drug was intraperitoneally injected 15 minutes before 
testing. 


RESULTS 


Figure 1A shows the mean tail-flick latencies for each 
test. Subjects given inescapable shock displayed analgesia. 
This reaction dissipated after 24 hours but increased again 
after the animals were exposed to shocks (Session 2). Stu- 
dent’s f-tests demonstrated that mean tail-flick latencies in- 
creased significantly after Session | (p<0.001), and Session 2 
(p<0.001). Another group of 16 mice was tested for tail-flick 
latencies. Immediately after the animals were subjected to 60 
inescapable shocks (Session 1): each shock was overlapped 
by a 3.000 cps, 30 dB tone [8]. This treatment resulted in a 
significant analgesic effect (p<0.001). 24 hours later the 
animals were tested for the tail-flick latencies and im- 
mediately after they were subjected to a session consisting of 
60 5-sec tone stimuli spaced by one minute (Session 2). Mice 
subjected to this treatment, which did not involve any ines- 
capable shock, displayed analgesia as indicated by Fig. 1B. 
A significant increment of tail-flick latencies in relation to 
presession values was evident (p<0.001). This analgesic ef- 
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FIG. 1. Mean tail-flick latencies assessed in four different groups of 
mice (A—D) subjected to two different environmental manipulations. 
(Sessions | and 2) spaced by 24 hours. Sixty S—sec inescapable 
shocks (indicated by the spark sign) given during Sessions 1 and 2 
resulted in a significant increment of the tail-flick latencies (A). Mice 
of the group B were subjected during Session | to 60 min inescapable 
shocks overlapped by a tone (spark+loudspeaker signs). During 
Session 2, 24 hours later, the mice were subjected to 60 tone presen- 
tations in absence of shock. Both treatments resulted in analgesia. 
Presentation of a tone in absence of shock during Sessions | and 2 
was not followed by analgesia (C). Finally, mice of group D were 
kept in the apparatus during Sessions | and 2 in absence of shock 
and auditive stimuli. No variation of tail-flick latencies was evident 
in this group. 
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fect was clearly dependent on the classical conditioning pro- 
cedure carried out during Session 1, in which tone and shock 
were coupled. In fact exposure of another group of mice to 
60 tone presentations during Sessions | and 2 did not result 
in analgesic reactions (Fig. 1C) (p >0.05). In addition to that, 
in order to rule out the possibility that the conditioning oc- 
curred not to the tone but to the test chamber and experi- 
mental conditions, another group of mice (not shown in Fig. 
1) was tested for tail-flick latencies and immediately after 
was subjected to 60 inescapable shocks during Session 1. 
The analgesic responses of this group after the inescapable 
shocks (25.03+0.81) dissipated 24 hours later, since there 
were not significant differences (p >0.05) between the mean 
latencies measured during Session 2 before the test 
(9.21+0.42) and immediately after detention in the test 
chamber for 30 minutes (9.32+0.64). Finally, no analgesia 
was evident in another group of mice which was kept for 60 
min in the apparatus during Sessions | and 2, in absence of 
either tone or shock (Fig. 1D) (p >0.05). In order to test the 
involvement of endogenous opiates in the analgesic effects 
observed following inescapable shock or classical condition- 
ing of stress-induced analgesia naloxone (5 mg/kg) was in- 
jected into mice subjected to the same schedules illustrated 
in Fig. 1A and B, 15 minutes before testing their tail-flick 
latencies after the inescapable shocks (A) or the conditioning 
procedure (B). The administration of the drug completely 
antagonized analgesia in comparison to saline injected 
groups (Group A: naloxone =9.31+0.34; saline =25.36+0.74 
(p<0.01). Group B: naloxone=9.27+0.42; saline=24.91+ 
0.47 (p<0.01)). 


DISCUSSION 


We have demonstrated the stress-induced analgesia may 
respond to classical conditioning. Our procedure involves a 
stress schedule which results in a type of naloxone- 
reversible analgesia. Our findings suggest that environmental 
manipulations involving opiate systems respond to classical 
conditioning. Therefore the endorphin system not only may 
be activated by stress but also by past experience. Thus a 
number of behavioral situations which do not occur in pres- 
ence of stress but are related to it may result in the overpro- 
duction of endorphins which induce analgesia and may affect 
emotional behavior [2]. 
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that of the first. This change in average lick volume appears to reflect a change in the rat’s motivation to drink the liquid 
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THE drinking behavior of small animals would be better 
described if both lick contact and the actual volume of liquid 
consumed could be recorded simultaneously. Techniques for 
automatic recording of either licks [8,15] or volume intake [6, 
10, 12] are available, but the association of the two tech- 
niques has not yet been realized. The use of the lick contact 
to estimate volume intake is based on the assumption that 
the volume per lick is relatively constant. On the other hand, 
when recording only volume consumption, the behavioral 
aspect is lost. The volume per lick is reasonably constant for 
a given animal under carefully controlled conditions [14]. In 
particular, the size of the spout opening [14], the ease with 
which the animal can lick the spout [11,14], the viscosity of 
the liquid [16] and the hydrostatic pressure at the level of the 
spout [1] must be standardized. These conclusions have been 
confirmed [4, 5, 13] and challenged [1, 2, 3, 9]. But even 
under carefully controlled conditions, the problem of inter- 
individual variations of volume per lick remains. 

In order to resolve these problems, we have designed an 
apparatus which permits simultaneous monitoring of lick 
contacts and precise recording of liquid intake with volume 
resolution in the microliter range. 


PRINCIPLE OF THE LICK COUNTER-VOLUMETER 


The principle of the apparatus is illustrated in Fig. 1. 
When the rat contacts the drinking spout (Sp), a negligible 
current (<0.5 wA) flows through its body from the spout to 
the grounded grid at the bottom of the cage. The resulting 
voltage change at the spout is detected by the lick counter 
which generates an electrical pulse for recording. Electrical 
stimulation of the tongue with a current intensity of 5 ~A has 





been shown to affect water intake in rats. However, a cur- 
rent intensity of 1 wA had no effect [15]. 

The volumeter consists of a drink compartment (DC) 
open to the atmosphere, and a liquid reservoir (LR). As the 
rat drinks, the volume of liquid in the drink compartment 
decreases. This change in volume is detected by the thermis- 
tor, which causes liquid to flow from the liquid reservoir to 
the drink compartment via activation of the solenoid valve 
(SV), thereby replacing that consumed by the animal. If the 
volume of liquid in the drink compartment is maintained 
constant, the replacement is quantitative and the volume of 
liquid supplied from the liquid reservoir is equal to that con- 
sumed by the rat. This replacement is discontinuous, the 
liquid being supplied in preset unit volumes. For each unit 
volume the volumeter generates an electrical pulse which is 
recorded. 

The volumeter must be solely triggered by a change in the 
level of liquid in the side arm (SA) and not by tongue contact. 
Since the electrical potential of the spout changes with 
tongue contact, the level detector of the volumeter must 
operate independently of spout voltage. For this reason a 
thermistor is used to detect liquid level. However, if 
monitoring of lick contact is not desired, then the thermistor 
can be replaced by a simple platinum microelectrode which 
provides potential for better volume resolution. 

DESCRIPTION OF THE LICK COUNTER 

The lick counter generates a 5 V DC square wave pulse 
for each tongue contact. Its wiring diagram is shown in Fig. 
2. The spout is connected to the 5 V DC power supply 
through resistor R1; it is also connected to a non-inverting 
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FIG. 1. Functional diagram of the lick counter-volumeter. 
LR=liquid reservoir, SV=solenoid valve, DC=drink compartment, 
T=thermistor, MO=mineral oil, SA=side arm, and Sp=spout. The 
spout, cage floor, thermistor, and solenoid valve are interfaced with 
the electronic circuits as shown in Figs. 2, 3 and 4. 


buffer (CD4050). The grid at the bottom of the animal cage is 
grounded. With tongue contact a current (<0.5 4A) flows to 
ground through RI and the animal’s body: as a result both 
the input and output voltages of the buffer are low. When 
contact is broken, both voltages return to 5 V DC. Due to its 
high input impedance, the buffer is susceptible to electrical 
noise, particularly when spout voltage is close to the buffer’s 
switching voltage. The following device is connected to the 
output of the buffer in order to substantially reduce the effect 
of this noise. A voltage comparator (LM311) is connected to 
a resistor bridge (R3 and R4) and various RC circuits. The 
resistor bridge imposes a 2.5 V DC reference voltage. When 
the comparator’s input voltage reaches this level following 
tongue contact with or withdrawal from the spout, its output 
voltage switches in the opposite direction. The R2C3 circuit 
increases the time constant of the input circuit to the com- 
parator and therefore a duration of tongue contact or with- 
drawal of at least 3.3 msec is required to trigger the com- 
parator. When this happens, the capacitive feedback loop 
(C4) temporarily shifts the reference voltage in the same 
direction as the voltage,output. Since the comparator func- 
tions as a signal inverter, the reference voltage moves in a 
direction opposite to that of the input voltage, and a refrac- 
tory period of 3.3 msec is imposed mainly by R4C4 or R3C4 
during which the system cannot be triggered again. This ad- 
ditional time constant protects the device from instabilities 
when the comparator’s input voltage is near its imposed 
reference voltage. The overall effect of the two RC circuits is 
to require a minimum tongue contact of 3.3 msec for it to be 
recorded, and a minimum interlick-interval of 3.3 msec for 
sequential licks to be discriminated and recorded. In other 
words, a second pulse can only be generated if current flow 
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FIG. 2. Wiring diagram of the lick counter. RI=10 MQ, 
R2=R3=R4=RS5S=R6=4.7 kM, C1=100 pf, C2=0.01 uf, and 
C3=C4=1 yf. 


VOLUMETER: THERMISTOR SENSOR 














FIG. 3. Wiring diagram of the volumeter: thermistor sensor. 
Th=thermistor, SV=solenoid valve, Q1I=2N2222A transistor, 
Q2=HP7CS transistor, R1=0-100 0, R2=R3=4.7 kO, R4=2.2 kO, 
R5=8.2 kN, R6=100 kN, R7=0-200 kN, R8=220 2, R9=150 1, 
C1=C3=C4=0.01 uf, C2=1 wf, and C5=2.2 wf. Limiting resistors 
should be put in series with R1 and R7 to protect the Th, Q1, and the 
LMSSS. 


from the spout to ground is interrupted for at least 3.3 msec, 
and then reimposed for at least 3.3 msec. This duration is 
significantly shorter than that of either an average rat lick 
(42-109 msec) or interlick-interval (59-125 msec) [1,11], but 
long enough to make the disturbing effect of high frequency 
noise negligible. 

The output pulse width of the lick counter may be a good 
estimate of lick contact duration. Although an on-time la- 
tency of 3.3 msec exists between the time of initial tongue 
contact with the spout and a change in output voltage, an 
off-time latency of 3.3 msec also occurs when tongue contact 
is broken. It has been reported, however, that a liquid bridge 
between tongue and spout can exist for 10-15 msec during 
withdrawal of the tongue from the spout [7]. If this occurs, 
the output pulse width of the lick counter circuit would be 
lengthened by the same duration, but only a single output 
pulse would be generated per lick. 


DESCRIPTION OF THE VOLUMETER: THERMISTOR SENSOR 


A thermistor (GB31M2, Fenwal Electronics, Framington, 
MA) detects the level of liquid in the side arm of the drink 
compartment (see Fig. 1). A 1 cm layer of mineral oil (MO) 
on the surface of the liquid electrically isolates the leads of 





VOLUMETRIC RECORDING OF LIQUID INTAKE 


VOLUMETER: SINGLE ELECTRODE SENSOR 














FIG. 4. Wiring diagram of the volumeter: single electrode sensor. 
Pt=platinum microelectrode, SV=solenoid valve, QlI=HP7CS5 
transistor, RI=10 MQ, R2=R3=R4=4.7 kN, R5=2.2 kN, R6=8.2 
kD, R7=100 kM, R8&8=0-200 kN, R9=150 , C1=100 of, 
C2=C5=C6=0.01 uf, C3=C4=1 yf, and C7=2.2 yf. A limiting re- 
sistor should be put in series with R8 to protect the LM555. 


the thermistor and prevents evaporation due to the heat gen- 
erated by the thermistor. When the animal drinks, the oil 
level drops which uncovers the heated thermistor, and the 
temperature of the thermistor rises, resulting in a decrease in 
its resistance. This in turn causes a change in voltage which 
is detected by the electronic device. Fig. 3 shows the wiring 
diagram. 

The thermistor and variable resistor R1 form a resistor 
bridge. Through RI we control the heating of the thermistor 
to set the static input voltage just below the comparator’s 
reference voltage (2.5 V DC) when the thermistor is barely 
immersed in mineral oil. The function of the comparator is 
similar to the function of the one used in the lick-counter 
circuit. The input RC circuit has been deleted because the 
thermal inertia of the thermistor provides sufficient noise 
protection. Instead of pulsing a counter, the comparator 
(LM311) triggers a time circuit (LM555) which produces a 
pulse whose preset width is controlled by variable resistor 
R7. This pulse energizes the solenoid valve through transis- 
tor Q2, interrupts the heating current of the thermistor 
through transistor QI and triggers the pulse counter. The 
solenoid valve, when energized (opened), delivers a constant 
unit volume of fluid to the drink compartment. Interruption 
of the heating of the thermistor by QI] resets the input of the 
comparator to permit reopening of the valve when the vol- 
ume delivered to the side arm is insufficient to reimmerse the 
thermistor. It also protects the thermistor from overheating 
while in air. 


DESCRIPTION OF THE VOLUMETER: SINGLE ELECTRODE SENSOR 


The wiring diagram is shown in Fig. 4. This circuit per- 
forms the same functions as the one used in the volumeter- 
thermistor sensor design. The thermistor is replaced by a 
platinum microelectrode in series with resistor R1. Mineral 
oil cannot be used, since the liquid in the side arm must 
conduct a current between the microelectrode and a ground 
electrode which is positioned in the side arm so that it always 
remains in contact with the liquid. When the liquid level 
drops below the platinum microelectrode, the circuit is ac- 
tivated. Notice that the noise protection function of the 
thermal inertia of the thermistor is provided mainly by the 
R2C3 circuit, and that reopening of the valve is performed by 
the AND function (DM7408) if liquid delivery to the side arm 
is insufficient to reimmerse the microelectrode. 


DESCRIPTION OF THE HYDRAULIC COMPONENTS OF THE 
VOLUMETER 


The hydraulic components of the volumeter are shown 
schematically in Fig. 1. A 250 ml separatory funnel is used as 
the liquid reservoir, and is positioned about 1.2 m above the 
drinking spout. The reservoir is sealed with a rubber stopper 
that contains a glass tube for maintaining a constant hydrau- 
lic pressure difference between the reservoir and the side 
arm of the drink compartment. A short length of 0.32 mm i.d. 
vinyl tubing connects the reservoir to the solenoid valve 
(Angar valve, C and H Sales Co., Pasadena, CA). The type 
of valve used and its location in relation to the spout may be 
important considerations, since drinking behavior could 
possibly be conditioned by the sound of solenoid activation. 
Vinyl tubing (0.16 mm i.d. and 1.5 m in length) joins the other 
side of the valve to a side arm of a 0.64 mm o.d. glass **Y”’ 
tube. A nylon male branch ‘‘T,”’ 0.64 mm by 0.64 mm by 
0.95 mm (McMaster-Carr, Los Angeles, CA) is connected to 
the bottom of the glass ‘““Y’’ tube by 0.64 mm i.d. vinyl 
tubing. The drinking spout (Systems Engineering Research, 
Napa, CA), is attached to the threaded 0.95 mm arm of the 

“T’’ by a 0.95 mm stainless steel threaded coupler 
(McMaster-Carr). The lower end of the **T”’ is used as a port 
for filling and calibrating the volumeter, and for flushing with 
cleaning and disinfecting agents. The vinyl tubing may ad- 
sorb certain molecules of the liquid previously used. If odor 
and taste are important experimental factors, we suggest 
using teflon tubing. 


PERFORMANCE OF THE LICK COUNTER-VOLUMETER 


The proper functioning of the volumeter requires that an 
adjustable, constant, preset volume of liquid be delivered 
from the liquid reservoir to the drink compartment each time 
the solenoid valve opens. The minimum volume that can be 
precisely delivered depends upon the time constants of the 
hydraulic and electronic control systems in relation to the 
liquid intake rate of the animal. The time constants of the 
thermistor and solenoid valve, the diameter and thermal 
conductivity of the side arm tubing, the height of the reser- 
voir above the side arm, and the conduit resistance to flow of 
liquid from the reservoir to the side arm are important 
determinants of volumeter performance. 

Volumeter calibration is performed by counting the 
number of unit volumes delivered to the drink compartment 
when a known volume of liquid is withdrawn from the cali- 
bration port below the spout. The unit volume equals the vol- 
ume removed divided by the number of unit volumes deliv- 
ered. The rate of liquid withdrawal is varied to determine the 
range of flow rates at which the unit volume is constant. 
Four volumeters (thermistor sensor) delivered accurately 
and precisely unit volumes on the order of 60 yl at rates of | 
to 10 ml/min, with relative probable errors for a single cali- 
bration determination of 1.2% to 2.1%. The maximum liquid 
intake rate of a 350-450 g rat ranges from 2 to 3 ml/min. 

The accuracy was determined by comparing the measure 
of volume intake with the change of volume in the reservoir 
during 18 trials using the four volumeters. The regression was 
highly significant: F(1,16)=3164, p<0.001, the regression 
coefficient being not significantly different from 1.0 
(b=0.99+0.02), and the intercept being not significantly dif- 
ferent from 0 (a=1.18+1.41). The estimated regression line 
conforms to the theoretical relationship that we would pre- 
dict if the two methods give the same results. 

Four lick counter-volumeter devices were used to study 
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meal patterns of 10 rats drinking a liquid diet following a 15 
hr fast. Male Sprague-Dawley rats, 350-450 g, were housed 
individually with lights on from 10:00 hr to 22:00 hr. The rats 
were adapted to a feeding regimen which included food dep- 
rivation from 22:00 hr to 11:00 hr of the following day. The 
soluble elemental liquid diet Vivonex HN (0.5 kcal/ml), 
supplied by Norwich-Eaton Pharmaceuticals, Norwich, NY, 
was Offered and intake was recorded from 11:00 hr to 12:30 
hr. A semi-purified diet (73% carbohydrate, 15% protein, and 
5% fat) was provided from 13:00 hr to 22:00 hr. Water was 
available except during the 90 min experimental period. 

The four volumeters were adjusted to deliver unit vol- 
umes of approximately 30 wl. Each reservoir was initially 
filled with 150 or 200 ml of Vivonex HN. At the end of the 
experiment the remaining volume in the reservoir was meas- 
ured, and the decrease in volume used as a control of the 
rat’s total intake to check the proper functioning of the vol- 
umeter. The lick and volume counts were recorded and 
analyzed by a Digital Equipment Corp. LSI-11 computer 
system to give meal patterns. A minimum meal size was 
defined as 10 unit volumes, or about 0.3 ml. A drinking bout 
was considered a meal only if it were followed by at least 3 
min of no drinking activity. Values are expressed as the 
mean plus or minus standard error. After each experiment 
the volumeters were flushed thoroughly with a detergent 
solution and rinsed well with water. They were disinfected 
weekly with dilute Chlorox. 

On the average, the rats consumed a first meal of 
19.8+1.8 ml (4437+651 licks) in 15.3+2.4 min followed by an 
intermeal interval of 58.3+5.2 min. Ninety minute con- 
sumption averaged 25.0+1.8 ml (7281+ 1331 licks) in 1.7+0.2 
meals. 


The simultaneous recording of lick contacts and volume 
of liquid consumed provided a means to study possible 
changes in the average lick volume per meal per rat when 
two meals were consumed during a 90 min period. Data from 
eight rats were compared using each rat as its control (paired 
t-test). There was no significant difference between the mean 
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lick rates for the two meals (Ist meal=4.7 licks/sec, 2nd 
meal=4.8 licks/sec; a difference of 0.1+0.2 licks/sec, 
p>0.05). However, the mean lick volume for the second 
meal was smaller than that for the first by 18% (1st meal=4.5 
pl/lick, 2nd meal=3.7 pl/lick; a difference of 0.8+0.3 yl/lick, 
p<0.01). Assuming that lick volume was constant during the 
two meals, and the number of licks per meal was used to 
estimate liquid volume intake, then the volume of the second 
meal would have been overestimated by the same amount. 

The fasted rats were probably more motivated to drink 
the liquid diet during the first meal than during the second. 
Indeed, their first meal size was 166% greater than their sec- 
ond. On the other hand, their average lick rates were the 
same for each meal, which could mean that their motivation 
to lick was also similar. However, lick rate alone may not 
correlate with how hard the rat will work for food. 

We believe that the smaller average lick volume observed 
during the second meal reflects a decrease in the rat’s moti- 
vation to drink the liquid diet. Indeed, the particular design 
of the spout, and the fact that the drinking compartment is 
open to the atmosphere, may permit the rat to vary its rate of 
liquid intake to a greater degree than it can when drinking 
from a common water bottle. The stem valve of the volume- 
ter’s drinking spout must be pushed inward or to the side for 
liquid to flow through the spout. If a more motivated rat licks 
the valve stem with greater force, then the licks could deliver 
more liquid. This could result in a greater rate of liquid intake 
even though lick rate remains unchanged. 
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PORTER, J. H., P. A. HORNBUCKLE, M. R. LYNCH AND D. V. CRUTCHFIELD. Effects of bilateral and unilateral 
neocortical lesions on schedule-induced polydipsia in rats. PHYSIOL. BEHAV. 291) 177-181, 1982.— Fifteen adult 
female rats were subjected to one of the following surgical procedures: (1) bilateral neocortical ablation; (2) unilateral 
neocortical ablation; or (3) sham surgery. Following recovery, all rats were tested on a fixed-time |-min food schedule for 
acquisition of schedule-induced polydipsia. Contrary to a previous report by Bigler, Fleming and Shearer [1], no attenua- 
tion of polydipsia was seen in either group of rats with neocortical damage. 


Schedule-induced polydipsia Neocortical lesions 


Adjunctive behavior Rats 





SCHEDULE- induced polydipsia [4] is an excessive con- 
sumption of water which occurs when food deprived animals 
(usually rats) are placed on intermittent food reinforcement 
schedules. Falk [5,6] has postulated that schedule-induced 
polydipsia is one of many different adjunctive behaviors 
which occur during schedules of reinforcement. While many 
theories have been postulated to account for the develop- 
ment and maintenance of adjunctive behaviors, none have 
provided a conclusive explanation. 

Numerous studies have explored the possibility that 
schedule-induced polydipsia (and perhaps other adjunctive 
behaviors) has a neurological basis and is in fact controlled 
or influenced by specific structures in the brain. Wayner [15, 
16, 17] has suggested that schedule-induced polydipsia is 
mediated via the lateral hypothalamus (LH) and is the result 
of a general increase in motor excitability when food de- 
prived animals are placed on intermittent food schedules. 
Falk [5] first reported that small bilateral LH lesions reduced 
schedule-induced polydipsia. Wayner, Loublis and Barone 
[20] later demonstrated that posterior bilateral LH lesions 
produced a greater reduction in polydipsia that did bilateral 
LH lesions which were more anterior. 

Bilateral lesions of the ventromedial hypothalamus 
(VMH) prevent the acquisition of schedule-induced 
polydipsia [8] but produce only a slight, transient decrease in 
established polydipsia [21]. Similarly, Bigler, Fleming and 
Shearer [1] found that bilateral frontal or occipital neocorti- 
cal lesions attenuated the acquisition of polydipsia, but did 
not have any effect on established polydipsia. Based on 
these findings, Wayner et al. [21] concluded that **. . . the 
development of schedule induced drinking, which is an LH 





mediated function, depends upon both an intact neocortex 
and VMH.”’ (p. 1024). The purpose of the present study was 
to further explore the effects of neocortical lesions on the 
acquisition of schedule-induced polydipsia. Rats were sub- 
jected to bilateral neocortical ablation, unilateral neocortical 
ablation or sham surgery and tested for the acquisition of 
polydipsia on a fixed time I-min food schedule. 


METHOD 


Animals 


Fifteen adult female albino rats (Sprague-Dawley, Flow 
Laboratories) with a mean body weight of 301.8 g served as 
subjects. They were housed individually in an animal colony 
room on a 12 hr light/dark cycle. Except where noted, water 
was freely available in the home cage. 


Apparatus 


Test sessions were conducted in Scientific Prototype op- 
erant conditioning chambers (Model A-100) which were 
housed in sound-attenuated cubicles. A water bottle was 
mounted behind the intelligence panel on the right-hand side 
with the metal drinking tube recessed slightly behind a 20 
mm diameter hole. The food magazine was mounted on the 
left-side of the panel and no lever was present. The chamber 
was lit by a 28 V DC houselight, and white noise was present 
during each session. Reinforcers were 45 mg Standard For- 
mula Noyes Pellets. Standard electromechanical program- 
ming and recording equipment was located in an adjacent 
room. 


'This study was presented at the 1981 meeting of the Eastern Psychological Association. Reprint requests should be sent to Joseph H. 
Porter, Department of Psychology, Virginia Commonwealth University, Richmond, VA 23284. 
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Procedure 


Mean ad lib body weights were established from the three 
days prior to surgery. The 15 rats were randomly assigned to 
one of the following surgical conditions: (1) bilateral neocor- 
tical ablation (n=5); (2) unilateral neocortical ablation (n=5); 
or (3) sham surgery (n=5). The animals were anesthetized 
with intraperitoneal (IP) injections of sodium pentobarbital 
(60 mg/kg), and secured in a Kopf (model 900) stereotoxic 
instrument. Following incision of the scalp and muscle re- 
traction, the cranium was opened initially with a dental burr. 
For animals in the Bilateral Neocortical group enough skull 
was removed using a bone rongeur so that the neocortex 
could be aspirated in both hemispheres. For animals in the 
Unilateral Neocortical group, the skull was removed from 
either the left or right side and cortical tissue was removed 
by aspiration. All animals in the Sham Control group were 
anesthesized and the scalp incised. The skull was removed 
(as in the Bilateral Neocortical group) in two rats, although 
no cortical tissue was removed. 

During a 30 day recovery period, all rats were housed in 
padded cages so that the lesioned animals would not injure 
themselves. The lesioned animals were fed wet mash made 
from Purina lab chow and given water with an eye-dropper 
several times each day until they began eating solid food 
(Purina lab chow and Noyes 45 mg food pellets) and drinking 
from a water bottle. Body weights were recorded daily. Food 
intakes, water intakes, and food spillage were measured each 
morning between 9 a.m. and 11 a.m. for all animals over the 
last four days of the 30 day recovery period. Then, all 
animals were gradually reduced to 80% of their newly estab- 
lished free-feeding body weights by restricting their daily 
ration of food. The animals were maintained at this 80% BW 
throughout the rest of the experiment. 

Polydipsia training and baseline testing were conducted 
daily in the operant conditioning chambers during 60-min 
sessions. The first baseline measure was taken over a three 
day period by placing 60 food pellets in the food magazine 
and allowing the rats to remain in the chambers with water 
accessible. This massed-feeding baseline allowed a determi- 
nation of the amount of water intake accompanying con- 
sumption of 60 food pellets. Then, polydipsia training ses- 
sions were conducted for 20 consecutive days, with pellets 
delivered non-contingently, on a fixed-time one minute 
(FT 1-min) schedule. Following this training, the massed- 
feeding baseline conditions were reinstated for an additional 
three days. 

At the end of the study, each rat in the two lesion groups 
was given an overdose of sodium pentobarbital and was per- 
fused with 0.9% saline, followed by 10% buffered Formalin. 
The brains were removed, fixed in Formalin, imbedded in 
celloidin, and sectioned at 40 um. Every fifth section was 
mounted on a slide and stained with cresyl violet. 


RESULTS 


The drawings in Fig. 1 display Coronal sections from two 
rats with bilateral lesions, and one of the unilaterally 
lesioned animals. While rat B-3 sustained the most wide- 
spread damage, with the lesion invading portions of the cor- 
pus collosum, caudate-puramen, claustrum, amygdala, and 
hippocampus, the sections presented for B-14 are repre- 
sentative of lesions in the other four animals of the Bilateral 
group. The only subcortical damage evident in these four 
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animals was very slight invasion of the hippocampus, as can 
be seen in Fig. 1, Plate 50. Sections presented for rat U-4 are 
likewise representative of the damage sustained in rats of the 
Unilateral group, all of which suffered no subcortical dam- 
age. In general, their lesions appeared less wide-spread, with 
more cortical tissue spared. 

A 3x3 analysis of variance (repeated measures across 
time) on group body weights for measurements collected 
prior to surgery and 15 and 30 days after surgery revealed no 
significant differences among groups, F(2,12)=0.76, p>0.05; 
however, there was a significant increase in body weights 
across time, F(2,24)=7.70, p<0.005. The groups by time in- 
teraction was not significant, F(4,24)=0.89, p>0.05. 

In Table 1, mean water intake (ml), food intake (g) and 
food spillage (g) for the last four days of the 30 day recovery 
period are presented for each group. Separate one-way 
analyses of variance indicated that there were no significant 
differences in food or water intake measures, F(2,12)=0.48, 
p>0.05 and F(2,12)=2.2, p>0.05, respectively. There were 
significant differences in food spillage, F(2,12)=12.1, 
p<0.005, and Tukey post hoc comparisons revealed that the 
Bilateral Neocortical group spilled significantly (p<0.01) 
more food than either the Unilateral Neocortical group or the 
Sham Control group. There was no significant difference be- 
tween the Unilateral and Sham groups. These results are in 
agreement with previous findings [2,3] which have shown 
that rats with bilateral frontal neocortical ablations have dif- 
ficulty in handling food and invariably eat with a great deal of 
spillage. 

Mean session water intakes (ml) for the two massed- 
feeding Baseline conditions and the Polydipsia Training ses- 
sions are presented in Fig. 2. All three groups rapidly ac- 
quired schedule-induced polydipsia when food pellets were 
delivered on the FT 1-min schedule and subsequently re- 
duced their water intakes when the massed-feeding condi- 
tions were reinstated in the second Baseline. A 23 analysis 
of variance with repeated measures across conditions was 
performed on mean water intakes for the last two sessions of 
Baseline one and the last two sessions of Polydipsia Train- 
ing. While there was a significant increase in water con- 
sumption during Polydipsia Training, F(1,12)=92.41, 
p<0.001, no significant differences existed among groups, 
F(2,12)=1.32, p>0.05. The interaction also was not signifi- 
cant, F(2,12)=0.74, p>0.05. Examination of individual 
animal data revealed that only one rat in the Bilateral 
Neocortical group (B-6) failed to develop polydipsia while all 
rats in the other two groups developed this excessive drink- 
ing pattern. The failure of rat B-6 to develop schedule- 
induced polydipsia cannot be attributed to lesion differences 
since its lesion was virtually identical to the lesions for rats 
B-12, B-13, and B-14 who did develop polydipsia. Also, it 
has been previously noted that not all rats acquire schedule- 
induced polydipsia [10], so it is not suprising to find one or 
two rats out of fifteen that do not develop polydipsia. 

In addition to excessive water intake, another important 
characteristic of schedule-induced polydipsia is a post-pellet 
pattern of drinking (see [5]). Sample cumulative records 
were examined for rats from each surgical group, and all rats 
(except for B-6, who was not polydipsic) displayed the typi- 
cal post-pellet pattern of drinking when the FT 1-min food 
schedule was in effect. This is in contrast to the pattern of 
drinking seen during the two Baseline conditions in which 
drinking was distributed fairly evenly throughout intervals in 
which drinking occurred (of course, no food pellets were 
being delivered). Also, it should be noted that the number of 
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FIG. 1. Coronal sections for rats B-3 and B-14 from the Bilateral Neocortical group and rat U-4 from the Unilateral 
Neocortical group. The extent of lesion damage is indicated by the shaded areas, and the numbers beneath each section 
refer to plate numbers from K6nig and Klippel [7]. 





TABLE | 


MEANS AND STANDARD DEVIATIONS (SD) 
OF WATER INTAKE (ml), FOOD INTAKE (g), AND FOOD SPILLAGE 
(g) FOR EACH SURGICAL GROUP 





Food 
Spillage 


Food 
Intake 


Water 
Intake 





Bilateral Neocortical Group 
Mean 
SD 

Unilateral Noecortical Group 
Mean 
SD 

Sham Control Group 
Mean 
SD 





Means represent averages over days 27 to 30 after surgery. Water 
intakes and food intakes are corrected for spillage. 


drinking bouts was much greater during the FT 1-min 
schedule than during the Baseline conditions. Almost every 
pellet delivery was followed by a drinking bout. Once again, 
this held true across all three surgical groups. 


DISCUSSION 


Rats with either bilateral neocortical lesions or unilateral 
neocortical lesions developed schedule-induced polydipsia 
rapidly on a fixed-time I-min food schedule and had water 
intake levels slightly less, but not significantly different, 
from those of rats in a sham-surgery control group. These 
results contradict the finding by Bigler er a/. [1] that neocor- 
tical lesions attenuated the acquisition of schedule-induced 
polydipsia. There are of course obvious differences between 
the neocortical lesions in the present study and the neocorti- 
cal lesions in the Bigler et al. [1] study. The neocortical 
lesions in the Bigler et al. [1] study were relatively small and 
restricted to either frontal, midcortical, or occipital neocorti- 
cal areas, while in the present study, the lesions involved all 
three of these cortical areas simultaneously (either bilaterally 
or unilaterally). 

Bigler et al. [1] also placed frontal or occipital cortical 
lesions in rats with established schedule-induced polydipsia; 
however, no decrements in polydipsia were evident for 
either lesion placement. Because of the differential effects of 
these lesions on the acquisition of polydipsia and on estab- 
lished polydipsia, Bigler et al. [1] concluded ‘‘that schedule- 
induced polydipsia harbors a learned a component which 
seems to be resistant to neurological manipulations such as 
selective decortication once the response is established’”’ (p. 
940). The results of the present study do not argue against 
the idea of a learned component for schedule-induced 
polydipsia, but clearly, an intact cortex is not a prerequisite 
for the expression of any learned component, since rats can 
develop polydipsia following complete neocortical ablation. 
This fact was particularly evident in rat B-3, who had the 
most complete neocortical ablation (see Fig. 1) and yet had 
the sixth highest level of water intake of all 15 rats; its ses- 
sion water intake of 22.4 ml was virtually identical to the 
mean of the Sham Control group (22.7 ml). 


PORTER FT AL. 


CONTROL 


Pv gcemtinl pr UNILATERAL 


-o BILATERAL 


— 


MEAN SESSION INTAKE Imi] 





‘i: ore 


4 ie 





e 2 7 6&6 fF 


POLYDIPSIA TRAINING 
[2-SESSION BLOCKS] 


FIG. 2. Mean session water intakes (ml) for the two massed-feeding 
Baseline (BL) conditions and the Polydipsia Training on the FT 
l-min schedule (2 session blocks) are shown for the Bilateral 
Neocortical group, the Unilateral Neocortical group, the Sham Con- 
trol group. 


Oakley [11,12] has demonstrated that the neocortex is not 
essential for either Pavlovian conditioning or instrumental 
learning under many testing conditions, and that sometimes 
learning may in fact be facilitated in decorticate animals. 

The results of the present study directly contradict the 
suggestion by Wayner ef a/. [21] that the development of 
schedule-induced polydipsia depends upon an intact neocor- 
tex, which was based on findings of the Bigler er al. [1] 
study. The ability of decorticate rats to develop schedule- 
induced polydipsia clearly suggests that polydipsia must be 
mediated primarily by subcortical mechanisms, supporting 
Wayner’s [17] contention that polydipsia is**. . . initially due 
to a general increase in motor excitability mediated via the 
LH (lateral hypothalamus) and the incidental chance occur- 
rence of making contact with the drinking device . . .”’ (p. 
392). 

In addition to the LH, other subcortical structures have 
been shown to be involved in the demonstration of sched- 
ule-induced polydipsia. For example, VMH lesions will 
block the development of polydipsia [8], but have only a 
slight, transient effect on established polydipsia [21]. Zona 
incerta lesions delay the acquisition of polydipsia, but the 
lesioned rats drink at reduced, but not significantly different, 
levels of water intake once symptotic intake is reached [14]. 
Medial ventral thalamic nuclei lesions produce significant, 
but transient decreases in schedule-induced polydipsia [18], 
and lesions in both the lateral preoptic area [13] and septum 
[19] have been shown to enhance established polydipsia. 
Lesions of the basolateral amygdala have no effect on 
polydipsia [9]. 

Thus, a number of different subcortical structures have 
been shown to influence either the acquisition or mainte- 
nance of schedule-induced polydipsia. While determination 
of the exact neural basis of polydipsia will require further 
research, the primary mechanism(s) would appear to be sub- 
cortically located. The present results do not rule out the 
possibility that the neocortex normally is involved in the 
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lution of the discrepant findings in the present study and the 
Bigler et al. [1] study remain to be determined. 


development of polydipsia, but an intact neocortex clearly is 
not a necessary condition for polydipsia to emerge. The reso- 
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BRYANT, P. D., S. S. ALPERT AND W. F. WOODSIDE. An inexpensive rotating connector for chronic intragastric 
infusion. PHYSIOL. BEHAV. 29(1) 183-184, 1982.—This paper describes the construction of a watertight rotating connec- 
tor which is made from inexpensive materials. The connector is suitable for long term intragastric infusion in freely moving 


rats. 


Rotating connector Watertight swivel joint 


Intragastric infusion 





THERE are several techniques available for chronic 
intragastric infusion of freely moving rats [1, 2, 6, 7]. All 
require the use of a watertight swivel connector to prevent 
twisting and kinking of the tube connected to the animal. 
Commercial connectors are available but are expensive. 
There are several swivel connectors that can be made from 
inexpensive materials [3, 4, 8]. Our swivel connector is sim- 
pler to construct than the previously described inexpensive 
swivels because it is made from readily available parts that 
require only slight modification. Construction time is about 
five minutes per swivel connector. 

The swivel is made from a 14 ga. 2 inch (2.1 mm 5.1 cm) 
Angiocath (also referred to as an over-the-needle IV cathe- 
ter) and a PRN adapter (male luer IV adapter with a rubber 
injection port). Both components are commonly used in clin- 
ical medicine and are manufactured by the Deseret Company, 
Sandy, UT 84070. They should be readily available from a 
local medical supply house. 

The components of the swivel are shown in Fig. | (see 
legend of figure for details) and the steps for construction are 
outlined below. 

1. Cut off lower 5 cm from the protective sheath (Fig. 1). 

2. Discard green inner sleeve from the protective sheath. 

3. Cut stainless steel needle 6 cm above point. 

4. Heat portion of stainless steel needle that remains in 
plastic hub to melt glue so that the needle can be removed 
without damaging the plastic hub. 

5. Cut off upper 1.2 cm from plastic hub. 

6. Re-insert stainless steel needle into plastic hub so that the 
needle extends 2.5 cm below hub. 

7. Using a cyanoacrylate adhesive (Super Glue, Woodhill 
Permatex Co., Cleveland, OH 44128) reglue the needle into 
the hub. 

8. With a '/i6 inch (1.6 mm) bit, drill a hole in the center 
of the rubber cap of the PRN adapter. 

9. Put PRN adapter into the modified protective plastic 
sheath and insert needle into hole in rubber cap of PRN 
adapter and snap hub in plastic sheath. 


PLASTIC HUB 


STAINLESS STEEL 
NEEDLE 


PRN 
ADAPTER 
| 7 
— 


PROTECTIVE 
SHEATH 

















A B Cc 


FIG. 1. A: PRN adapter and angiocath parts required to construct 
swivel joint, before modification described in text. B: Angiocath parts 
after modification and PRN adapter. C: Assembled swivel. 
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FIG. 2. Assembled swivel mounted in three-fingered clamp with 
stainless steel connector and flexible stainless steel spring attached. 


The swivel is lubricated by applying a drop of polysorbate 
80 (Tween 80, United States Biochemical Corporation, 
Cleveland, OH 44128) to the rubber cap of the PRN adapter. 
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A stainless steel hypodermic needle connects the PRN 
adapter to the tube going to the animal (Fig. 2). The tube is 
protected from the animal by being enclosed within a flexible 
stainless steel spring (o.d. 0.155 inch 3.96 mm, i.d. 0.119 inch 
3.00 mm; Projector Recording Belt Company, Whitewater, 
WI 58190) which is soldered to the stainless steel hypoder- 
mic needle. The swivel is mounted in a three-prong clamp so 
that the PRN adapter is the only part that turns. 

The swivel is cleaned as needed by flushing with warm 
water to remove any deposits that might impede flow. After 
each cleaning the swivel should be lubricated with polysor- 
bate 80 so that it turns without excessive resistance. 

The swivel connector has been used successfully for 
chronic intragastric infusion of rats [5] and for chronic 
intracerebral infusion of mice (R. A. Selinfreund, Depart- 
ment of Anatomy, University of New Mexico Medical 
School, personal communication). Due to the relatively large 
dead space (0.33 ml), the swivel connector as described is 
less suitable for intravenous infusion of drugs. However, the 
following modification allows reduction of the dead space to 
approximately 0.10 ml. Remove the plastic liner holding the 
rubber cap on top of the PRN adapter and then remove the 
cap. Cut off 1.6 cm of the adapter and slide the rubber cap 
back on the shortened adapter. Stretch a small piece of teflon 
tape around the cap to hold it on tightly and to reduce fric- 
tion. 
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HOGLUND, A. U. AND B. J. MEYERSON. Effects of lysine-vasopressin in an exploratory behaviour test situation. 
PHYSIOL. BEHAV. 292) 189-193, 1982.—Changes in the exploratory behaviour pattern in rats were studied over a 
period of eight weeks. Certain characteristics emerged during repeated exposure to the same environment. The activity of 
‘investigating’ behaviour increased, while rearing activity decreased. We suggest that these changes reflect habituation by 
the animal to the test situation. Administration of lysine-vasopressin (LVP; 5.0 ug/kg SC) resulted in some alterations of the 
exploratory behaviour pattern, but no other behaviours than those observed without drug treatment were seen. The 
administration of LVP resulted in a higher performance of ‘‘investigating’’ behaviour. Since the change in the exploratory 
behaviour pattern after LVP administration was similar to that during repeated exposure to the test situation, we 
conclude that the LVP treatment influenced processes of habituation. 


Lysine-vasopressin Exploratory behaviour 


Habituation 





IT has become increasingly evident that systemic adminis- 
tration of neuropeptides affects the central nervous system. 
Bohus, Ader and de Wied [1] have shown that a single SC 
injection of lysine-vasopressin (LVP) increases the resist- 
ance to extinction of a conditioned avoidance response. De 
Wied [3] and Bohus, Gispen and de Wied [2] have found that 
LVP exerts a long-term effect in an avoidance situation. 

Less is known as to the effects of LVP in test situations 
which do not include an avoidance response. This fact led us 
to examine the question whether systemic administration of 
LVP causes changes in a test situation of spontaneous be- 
haviour. The possibility of using spontaneous behaviour 
such as the exploratory pattern in an analysis of the central 
nervous effects of neuropeptides, among other things, was 
discussed in a previous paper [5]. 

This report describes the consecutive changes in explora- 
tory behaviour seen during a test period of eight weeks. The 
specific aim was to study the effects of LVP on behaviours 
normally displayed by the laboratory male rat in an environ- 
ment with which the animal has become acquainted. 


METHOD 


Animals 


Thirty albino Sprague-Dawley male rats (purchased as 
Specific Pathogen-Free, Anticimex, Sollentuna, Sweden; 
350-450 g) were kept under a reversed day-night cycle (12 hr 
light-12 hr darkness) at 22+1°C in an air-conditioned room 
and provided with commercial food pellets and tap water ad 
lib. The animals were housed five in each cage (steel cage 
503218 cm with wire mesh floor). 





Experimental Procedure 


Observations were made during the dark period, starting 
3 hr after the light went out and ending 4 hr before the light 
period. The animal was taken from its home cage to a sepa- 
rate room and placed in an observation cage (40x60 40 cm 
with a Plexiglas front and a masonite floor covered with 
wood-shavings). Animals were tested for 10 min once a 
week, during a period of eight weeks. Fifteen rats were used 
as controls and 15 as experimental animals. LVP (250 [U/mg, 
Ferring, Malm6é, Sweden), dissolved in saline adjusted to pH 
3, and diluted to 5 ~g/ml, was injected SC (5 wg/kg) one hour 
before the Sth and 6th tests. 


Recordings 


The behavioural items were recorded by direct observa- 
tion under conditions of dimmed lighting. A keyboard data 
collecting device [4] was used to record the duration, fre- 
quency and latency of each behavioural element. 


Behaviours 


The recorded behaviours have been described in detail 
previously [5], but will be described briefly here. 

Sniffing. Rapid movements of whiskers while the animal 
explores; scores were taken regardless of whether the animal 
was sniffing while moving or while stationary. 

Rearing. Standing on hindlegs. 

Investigating. Intense sniffing directed at a particular ob- 
ject which is picked up by the animal and further explored. 


'Send reprint requests to A. U. Héglund, Department of Medical Pharmacology, Biomedicum, Box 573, S-751 23 Uppsala, Sweden. 
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FIG. 1. Mean latencies of rearing and investigating behaviours, in 


seconds. Broken lines represent controls and solid lines experi- 
mental animals. Bars indicate S.E.M. 


Statistical Methods 


The multivariate two-sample T2 statistical method was 
used to analyse differences between control and experi- 
mental animals [6]. This method is described elsewhere [5]. 
The advantage of such a statistical method is the possibility 
to account for differences between two groups with several 
dependent variables. Another advantage is that this test pays 
attention to the fact that one variable can affect another one. 
The test gives an F value (F=2.38, p<0.05; F=3.86, p<0.02; 
F=4.94, p<0.01) corresponding to the difference between 
groups. A further analysis then has to be made to establish 
which variable contributes to the difference between groups, 
by means of the confidence intervals. 

The Mann-Whitney U test [7], a non-parametric method, 
was employed in the detailed analysis of specific behavioural 
elements, with alpha=0.05 and a two-tailed region of rejec- 
tion. 


RESULTS 
The Pattern of Exploratory Behaviour 


By examining the measurement results obtained at the 
weekly recordings (controls, Figs. 1-3) we are able to follow 
the changes in the exploratory pattern during the eight-week 
test period. 

The behaviours sniffing and rearing had short latencies 
(Fig. 1); sniffing never exceeded 1 sec (not shown in figure), 
and stayed at this low level throughout the test period. The 
latency of investigating was comparatively long. There was a 
decrease after the first trial, but the latency value still re- 
mained comparatively high, never going below 160 sec (Fig. 
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FIG. 2. Mean durations of sniffing, rearing and investigating be- 
haviours, in seconds. Broken lines represent controls and solid lines 
experimental animals. Bars indicate S.E.M. 


1). The duration of sniffing declined after the first trials, but 
then remained at a fairly constant level (Fig. 2). The duration 
of rearing increased at trial 2 through 4, after which a tend- 
ency to decline was noted (Fig. 2). The duration of inves- 
tigating was initially very short but increased throughout the 
test period (Fig. 2). The frequency of rearing decreased from 
the second trial (Fig. 3), while the frequency of investigating 
increased during the whole period. The frequency of sniffing 
varied somewhat during the first trials. 


Effects of Lysine-Vasopressin 


Before administering LVP the exploratory behaviour pat- 
tern was followed for four weeks. According to the F values 
in Table 1, there was no difference between experimental 
and control animals during this period for any of the meas- 
urements. One hour before the fifth and sixth trials LVP was 
given to the experimental group. 

The results of this treatment are shown in Table | and 
Figs. 1-3. At the fifth trial the F value for the frequency 
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FIG. 3. Mean frequencies of sniffing, rearing and investigating be- 
haviours. Broken lines represent controls and solid lines experi- 
mental animals. Bars indicate S.E.M. 


variable increased, to become significant (p<0.05), and the 
confidence intervals showed that the behaviour responsible 
for this difference was investigating alone. The F value for 
duration of investigating increased, but not to the level of 
significance. At the sixth trial all three variables increased 
and became significant, and it was evident from the confi- 
dence intervals that the behaviour investigating alone con- 
tributed to the difference. During the last two trials there was 
no difference between groups. 

The detailed analysis of ‘‘investigating’’ behaviour for the 
tests in which statistical significance was obtained by the 
multivariate statistics is outlined below. 

After the first injection of LVP at trial 5, the duration of 
investigating increased from 28.4+5.5 to 51.4+7.6 sec 
(mean+S.E.M.). The difference between groups is signifi- 
cant (p<0.02 Mann-Whitney U statistics). At trial 6 the du- 
ration increased to 73.3+8.7 sec (p<0.02). The frequency 
(events/10 min) of investigating reached a level of 16.7+2.3 
sec at trial 5 (p<0.05) and 21.2+2.6 sec at trial 6 (p<0.002). 
The latency of investigating decreased at trial 5 to 
121.9+34.5 sec (not significant as against controls) and at 
trial 6 to 77.0+18.1 sec (p<0.02). 


DISCUSSION 


Certain characteristics emerged from the analysis of the 
changes in the pattern of exploratory behaviour which oc- 
curred after repeated exposure to the test arena. 

The values obtained at trial | were rather variable (cf. 
controls and experimentals). The changes which occurred 
between trials 1 and 2 therefore seem less reliable for an 
analysis of the effect of LVP than the gradual and more 
long-standing changes which were noted at subsequent trials 
(numbers 3-8). It is therefore these more continuous changes 
that will be considered in the following. Long-term changes 
were mainly seen in the frequency and duration of investigat- 
ing and rearing. Thus, the repeated weekly exposure to the 
same environment induced a change in the exploratory pat- 
tern characterized by an increase in the investigatory activity 
and a decrease in rearing. We can only conjecture as to the 
functional implication of these behavioural alterations. Our 
hypothesis is that the observed changes over time reflects a 
habituation by the animal to the test situation. In particular, 
the gradual change in the duration and frequency of inves- 
tigating strengthens this suggestion. 
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TABLE 1 


CONFIDENCE INTERVALS AND F VALUES CALCULATED BETWEEN EXPERIMENTAL AND CONTROL GROUPS 
FOR EACH TRIAL 





Trial 


Intervals of 
confidence 





Duration 
Sniffing 
Rearing 
Investigating 


F value 


Frequency 
Sniffing 
Rearing 
Investigating 


F value 
Latency 
Sniffing 


Rearing 
Investigating 


F value 


—79.5<=0<= 7.9 
—13.7<=0<= 92.3 
—14.7<=0<= 12.1 


2.04 


—6.6<=0<= 14.3 
—6.1<=0<= 14.9 
—3.4<=0<= 1.5 


1.39 


—0.1<=0<= 0.3 
—28.9<=0<= 3.3 
191.3<=0<=207.34 


2.91 


—24.7<=0<= 60.2 
—§9.7<=0<= 39.7 
—20.3<=0<= 20.2 


0.62 


—17.7<=0<= 
—20.6<=0<= 
—6.8<=0<= 


2.78 


-—0.5<=0<= 0.9 
—12.7<=0<= 16.9 
—123.8<=0<=289.5 


0.83 


<=0<= 3.6 
<=0<= 3.3 
<=0<= 1.9 


1.50 


—0.14<=0<= 0.12 
-—2.9 <=0<= 12.9 
—45.7 <=0<=242.5 


2.71 


—23.8<=0<= 
—56.7<=0<= 
—13.3<=0<= 


0.79 


—0.1<=0<= 0.2 
-13.1<=0<= 8.1 
— 166.2<=0<=204.1 


1.34 





TABLE | 


(Continued) 





Intervals of 
confidence 





Duration 
Sniffing 
Rearing 
Investigating 


F value 


Frequency 
Sniffing 
Rearing 
Investigating 


F value 


Latency 
Sniffing 
Rearing 
Investigating 


F value 


—30.6<=0<=67.8 
—93.6<=0<=17.5 
—2.3<=0<=50.1 


2.97 


—7.4<=0<=12.7 
—10.8<=0<= 3.8 
1.1<=0<=15.1 


7 


-—0.2<=0<= 0.2 
—8.5<=0<= 8.4 
—200.1<=0<=95.6 


0.38 


—36.9<=0<=48.6 
—101.7<=0<=16.9 
5.5<=0<=76.0 


4.287 


-—5.4<=0<=14.9 
—12.4<=0<= 1.5 
1.2<=0<=20.9 


5.614 


—0.2<=0<= 0.3 
—12.4<=0<=10.2 
—225.2<=0<=19.7 


3.47* 


—15.2<=0<=77.7 
—103.7<=0<= 6.1 
—20.6<=0<=55.9 


2.43 


—4.8<=0<=16.2 
—6.6<=0<= 8.6 
—4.1<=0<=16.2 


1.43 


—0.5<=0<= 0.3 
—4.1<=0<=18.0 
—274.6<=0<=84.8 


1.96 


—23.4<=0<= 75.9 
—87.6<=0<= 35.2 
—30.3<=0<= 28.8 


0.85 


—15.0<=0<= 1.8 
—13.3<=0<= 3.1 
-—10.2<=0<= 6.1 


1.98 


—0.9<=0<= 0.63 
—5.8<=0<= 13.7 
—157.9<=0<=116.0 


0.93 





Confidence intervals were calculated from an F value of 3.01 for 3 and 26 degrees of freedom, which corresponds to a region 


of rejection at the 5% level. 
*=p<0.05, *=p<0.025 and +=p<0.001. 





LVP AND EXPLORATORY BEHAVIOUR 


The administration of LVP resulted in some changes in 
the behavioural pattern, but no other behaviours than those 
observed without drug treatment occurred. The duration and 
frequency of investigating increased significantly and the la- 
tency of this behaviour significantly decreased. In Fig. 2 it 
can be seen that the duration of rearing also decreased, but 
not significantly. 

To sum up—the changes in exploratory behaviour pat- 
terns were studied over a long period of time. During this 
period two behaviours were fairly stable with respect to their 
duration, frequency and latency, namely sniffing and rear- 
ing. The behaviour investigating underwent a gradual change 
towards a longer duration and a higher frequency. We 
suggest that the changes in measures of investigating may 
reflect a habituation process. 

Administration of LVP gave rise to a higher performance 
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of the behaviour investigating. In accordance with the sug- 
gestion just mentioned, this finding may indicate that the 
peptide is involved in processes of habituation which prob- 
ably are closely related to memory and learning. The effect 
of LVP and related peptides has been thoroughly examined 
in avoidance situations and it is possible that the increase in 
passive avoidance latency (PAL) is a result of increased 
habituation. The innate response in the passive avoidance 
situation is to avoid light, a response which the animal 
habituates. On introducing a foot-shock in the dark com- 
partment, one reinforces the habituation to light. The re- 
sponse seen is an increase in PAL. Injections of LVP result 
in a slow decline in PAL, which in consideration of our re- 
sults could mean that LVP facilitates the habituation to the 
light stimulus. 
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ARAVICH, P. F. AND B. M. BELTT. Perifornical fiber system mediates VMH electrically-induced suppression of 
feeding. PHYSIOL. BEHAV. 29(2) 195-200, 1982.—Fiber pathways mediating the cessation of food ingestion during 
continuous low-level electrical stimulation of the ventromedial region of the hypothalamus (VMH) were appraised in 
food-deprived male rats using knife cuts. Parasagittal knife cuts in the medial perifornical area of the hypothalamus 
produced much larger increases in threshold current intensities for the inhibition of feeding than did cuts in the lateral 
perifornical hypothalamus. These findings indicate that fiber pathways critical to the inhibitory feeding effect of continuous 
VMH electrical stimulation traverse the perifornical hypothalamus but not the lateral hypothalamus. A comparison of these 
and other results demonstrates an anatomical similarity between the fiber pathways mediating VMH electrically-induced 
inhibition of feeding and hypothalamic hyperphagia following lesions or knife cuts. The nature of the inhibitory feeding 
effect of VMH electrical stimulation is also addressed and behavioral observations strongly supportive of a specific 


anorectic effect produced by the stimulation are reported. 


Ventromedial hypothalamus 


Electrical brain stimulation Behavioral inhibition 


Paraventricular hypothalamus 
Anorexia 


Feeding behavior Knife Cuts 


Satiety 





IT IS well established among several mammalian species 
that lesions of the ventromedial region of the hypothalamus 
produce hyperphagia and obesity (e.g. [13, 14, 25, 26, 27]) 
and that VMH electrical stimulation suppresses feeding in 
hungry rats and cats [4, 43, 47]. The VMH hyperphagia syn- 
drome has been extensively studied and much is known re- 
garding its anatomical substrate, particularly in the rat. Orig- 
inally, it was believed that the VMH was a “‘satiety center”’ 
[15] that inhibited feeding exclusively by way of a laterally 
directed fiber system traveling into the lateral hypothalamus 
(LH) [3]. The results of anatomical [44], knife cut [2, 18, 40], 
and neurophysiological [35] studies were consistent with this 
view. However, the inadequacy of this model has been re- 
vealed by more recent data. Anterior hypothalamic (AH) 
lesions rostrolateral to the ventromedial hypothalamic nuclei 
(VMN) produce greater weight gains than lesions confined to 
the VMN [19] and lesions in the area of the paraventricular 
hypothalamic nuclei (PVN) produce hyperphagia [17,31] and 
finickiness [6]. Furthermore, perifornical coronal knife cuts 
in the posterior hypothalamus induce a hyperphagia syn- 
drome [24] qualitatively similar to that produced by 
parasagittal cuts between the VMH and LH [38]. Hyper- 
phagia also follows coronal cuts placed in a zone extending 
from the PVN [20,22] to the dorsolateral midbrain tegmen- 
tum [23,38]. These and other findings indicate that hyper- 
phagia can be produced by damaging a fiber system located 
in the perifornical area of the hypothalamus interconnecting 





portions of the rostral hypothalamic zone with the midbrain 
[20, 33, 38]. 

Compared to the hypothalamic hyperphagia syndrome, 
less is known concerning the anatomical substrate mediating 
the suppression of feeding effect associated with VMH elec- 
trical stimulation. Nonetheless, a similarity in the substrates 
mediating the two phenomena is suggested by previous 
work. For instance, a systematic mapping study of portions 
of the rat hypothalamus has demonstrated that electrical 
stimulation sites situated in the ventrolateral VMH or in the 
caudal AH yield the lowest hypothalamic current thresholds 
for inhibition of feeding [12]. It has also been shown that 
parasagittal knife cuts in the lateral aspect of the perifornical 
hypothalamus do not increase current thresholds for the 
suppression of feeding [41]. Thus, fiber pathways essential to 
the inhibitory feeding effect of VMH electrical stimulation 
do not travel beyond the lateral perifornical area. The later- 
ality of hypothalamic parasagittal knife cuts is, however, a 
critical variable in the production of hyperphagia in view of 
the fact that medial perifornical cuts in the rat have greater 
hyperphagic effects than lateral perifornical cuts [39]. If the 
fiber system mediating the suppression of feeding effect of 
continuous low-level electrical stimulation of the VMH is 
similar to or identical with the fiber system mediating hypo- 
thalamic hyperphagia, more medially aimed hypothalamic 
parasagittal knife cuts should block the inhibitory feeding 
effect of the stimulation. The purpose of the following exper- 
iment was to test this prediction. 


1Send reprint requests to: Paul F. Aravich, Department of Psychology, Brooklyn College, Brooklyn, NY 11210. 
2B. M. Beitt is not at the Department of Psychology, Minnesota Security Hospital, St. Peter, MN 56082. 
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METHOD 
Subjects 


Adult male Sprague-Dawley rats (Blue Spruce Animal 
Farms, Altamont, NY) individually housed in a temperature 
controlled colony were used as experimental subjects. Only 
rats surviving both implantation and knife cut surgeries (see 
below), failing to sustain seizure activity during testing, and 
with reasonably low precut stimulation thresholds for the 
suppression of feeding (defined as 100 uA or less; see ref. 
[12]) were included in the final data analysis. Nine subjects 
ultimately met these criteria. 


Apparatus 


The animals were tested in a Plexiglas observation 
chamber (38 cm wide, 34 cm deep, and 36 cm high) contained 
within a ventilated sound attenuation chamber (72 cm wide 
64 cm deep, and 66 cm high) constructed from plywood and 
Styrofoam. To further mitigate environmental distractions, 
the sound attenuation chamber was equipped with a one-way 
viewing mirror and a speaker providing continuous white 
noise. During threshold testing, the subjects had ad lib ac- 
cess to both food (a large supply of 45 mg Noyes pellets) and 
water, which were available in separate cylindrical glass dis- 
hes (inside diameter, 6.0 cm; height, 2.2 cm) secured to the 
front of the observation chamber by mounting clamps. 

Electrical brain stimulation was provided by a Nuclear- 
Chicago continuous current stimulator modified to permit 
programed current changes in 10 wA steps in either direction 
from 10 to 500 uA. Biphasic rectangular pulses at 50 Hz and 
a pulse duration of 0.2 msec were monitored at all times with 
an oscilloscope and unilaterally delivered to each animal 
through a swivel commutator [7]. 


Surgery and Histology 


Bipolar stimulating electrodes were constructed from two 
stainless steel wires (0.127 mm in diameter) insulated with 
Teflon and twisted together. The twisted electrodes were 
then coated with Expoxylite except for the cross section of 
their tips which was left bare of all insulation. The total 
diameter of the insulated bipolar electrodes was approx- 
imately 0.7 mm at their widest point. Prior to implantation 
surgery, an assembly consisting of two stimulating elec- 
trodes and two stainless steel cannulae (18 ga; 1.7 cm long) 
was constructed with the aid of a brass template and dental 
cement. The purpose of the cannulae was to minimize surgi- 
cal trauma during later knife-cut surgery. When not in use, 
the cannulae were kept patent with flush-fitting stainless 
steel wires. Implantation of the assembly was achieved while 
the animals were under general barbiturate anesthesia 
(Equi-Thesin; 3.0 cc/kg, IP) and mounted in a modified Brain 
Research Instruments’ stereotaxic instrument without ear 
bars and with the skull flat between bregma and lamda. The 
stimulating electrodes were bilaterally aimed at the lateral 
aspects of the VMH 2.9 mm posterior to bregma, +0.7 mm 
lateral to the midsagittal suture, and 9.4 mm ventral to the 
surface of the parietal bones. The cannulae were bilaterally 
positioned 1.9 mm anterior to bregma, + 1.0 mm lateral to 
the midsagittal suture, and 2.0 mm ventral to the surface of 
the frontal bones. 

In a second surgery, all rats received a unilateral 
parasagittal knife cut using an encephalotomy procedure 
modified after Albert [1]. As in the implantation surgery, the 
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animals were anesthetized with Equi-Thesin and mounted in 
the stereotaxic instrument. The knife cut was made by insert- 
ing the guide shaft of the knife through one of the chronically 
implanted cannulae (1.9 mm anterior to bregma; 1.0 mm lat- 
eral to the midline) until it reached the floor of the cranium. 
It was then raised 6.0 mm at which point a steeply angled 4.0 
mm cutting wire was extended posteriorly in the parasagittal 
plane and then lowered to the base of the brain. Upon com- 
pletion of the cut, the wire cutting edge was retracted within 
the knife guide shaft and the guide shaft withdrawn from the 
brain. Contralaterally, a sham cut was made in which the 
knife guide shaft was lowered to 6.0 mm above the floor of 
the cranium but the wire cutting edge not extended. The 
hemispheric side of the cut was counterbalanced across sub- 
jects. 

At the end of the last test session, all animals were over- 
dosed with Equi-Thesin and perfused intracardially with 
physiological saline followed by 10% Formalin. Fifty-micron 
frozen coronal sections were then serially taken and stained 
with cresyl violet and luxol fast blue. 


Procedure 


Following an eight-day implantation surgery recovery 
period, the subjects were adapted to a feeding schedule in 
which food was made available for 1.5 hrs/day for 12 days. 
The animals were then habituated to the testing situation for 
two days: on the first day they were connected to the stimu- 
lation leads and allowed to explore the observation chamber; 
on the second day they were connected to the stimulation 
leads and unilateral suppression of feeding tests were suc- 
cessively conducted for each hemisphere in the same manner 
as during actual testing. 

Experimental testing was divided into two six-day stages 
separated by one day during which all animals received un- 
ilateral knife cuts. On each test day, current thresholds for 
the suppression of feeding were obtained for each electrode 
in two successive tests, using a method which is known to 
generate highly reliable and stable threshold measurements 
[12]. The order in which the electrodes were tested within a 
session was counterbalanced across sessions. Threshold 
testing for each electrode during a session consisted of forty 
consecutive fifteen-second trials. The stimulation current in- 
tensity during testing was varied in 10 «A steps from trial to 
trial according to the titration method. By this method the 
current level was either raised 10 »A following a fifteen- 
second trial in which ingestion of pellets was observed or 
reduced 10 uA following a fifteen-second trial in which no 
ingestion of pellets was observed. Ingestion of food was op- 
erationally defined as the placement of pellets into the 
mouth. If feeding was not observed at the lowest current 
intensity of 10 wA during a fifteen-second trial, the 10 wA 
stimulation current was maintained until feeding again re- 
sumed. At no time during the testing of an electrode was the 
stimulation current discontinued. The current intensity for 
the first trial was determined by rapidly raising the current 
level from an initial 10 1A to a point at which the suppression 
of feeding occurred for fifteen seconds. The daily feeding 
suppression threshold for each electrode was defined as the 
mean current intensity in microamps for all forty trials. Fol- 
lowing knife cut surgery, however, the ipsilateral inhibitory 
threshold for one electrode (subject A5’s) was found to ex- 
ceed the 500 «A upper limit of the stimulator, thus prevent- 
ing further testing. In this case the suppression threshold was 
assigned a value of 500 ~»A. Upon completion of testing, the 





PERIFORNICAL FIBER SYSTEM/VMH STIMULATION 


subjects were returned to their home cages and given access 
to food (Wayne Lab-Blox) for the balance of their 1.5 hour 
feeding period. 


RESULTS 


As illustrated in Fig. 1, prior to knife-cut surgery the sup- 
pression of feeding thresholds for electrodes located ipsilat- 
eral and contralateral to the cut were comparable. However, 
following the knife cut there was an overall suppression 
threshold increase, F(1,8)=7.72, p<0.05, specifically result- 
ing from an increase in the suppression thresholds of elec- 
trodes located ipsilateral to the cut, F(1,8)=5.83, p<0.05. 
The knife cut increased the mean ipsilateral threshold 362% 
(from 35.9 to 165.7 4A); by comparison, the mean suppres- 
sion threshold for electrodes contralateral to the knife cut 
showed only a 23% increase (from 30.9 to 38.5 uA). The 
daily threshold scores before and after the cut were fairly 
stable and analysis of variance indicated that neither the 
sessions main effect nor any interactions involving the ses- 
sions variable were significant. 

Although the mean suppression threshold for electrode 
sites ipsilateral to the knife cut increased dramatically after 
the cut, there was considerable variability in this increase 
with individual threshold increments ranging from 10.7 to 
465.7 wA. Histological examination, however, indicated that 
much of this between-subject variability was due to the posi- 
tion of the knife cut relative to the fornix: four animals had 
cuts lateral to the fornix, i.e. within 0.2 mm of its lateral 
aspect (see Fig. 2A) while 5 animals had cuts medial to the 
fornix, i.e. within 0.3 mm of its medial aspect (see Fig. 2B). 
As shown in Fig. 3, all animals demonstrating a mean ipsilat- 
eral threshold increment of at least 75 1A had cuts medial to 
the fornix. On the other hand, no animal with a cut lateral to 
the fornix displayed a mean ipsilateral threshold increase 
that exceeded 33 wA. Except for their placement relative to 
the fornix, no other systematic differences in the position of 
the cuts were observed to exist. More specifically, all cuts 
were in a parasagittal plane and none transected the fornix; 
they started just rostral to the PVN and extended caudally to 
the level of the ventral premammillary nucleus; at their 
anterior origin they extended dorsally from the base of the 
hypothalamus to the level of the PVN; at their caudal termini 
in the premammillary area, they were | to 2 mm in height 
extending from near the base of the brain to the level of the 
fornix; relative to the electrodes, all cuts extended dorsally 
to or above the level of the electrode tips. The placement of 
the electrodes for all animals also did not systematically 
vary: except for subject B2, the electrode tips for all animals 
were located in or near the previously defined [12] low- 
threshold VMH zone (B2’s electrodes were located in the 
dorsomedial hypothalamic nuclei). In addition, there was no 
evidence that the knife itself had displaced any electrode. 
Local tissue irritation possibly produced by the medial cuts 
in the vicinity of the electrode tips also did not seem to 
substantially contribute to the threshold increments associ- 
ated with these cuts. The four medial cut animals with the 
largest threshold increments all had cuts within 0.2 mm of 
the lateral aspect of the stimulating electrode yet the 
threshold increments produced by these cuts ranged from 
147 to 466 wA; the knife cut for the fifth animal in the medial 
cut group (which had an ipsilateral electrode placement in 
the lateral portion of the dorsomedial nucleus) was not only 
medial to the fornix but also near the medial aspect of the 
stimulating electrode. Even though this cut was as close to 


PRECUT POSTCUT 


IPSILATERAL 
~@ SUPPRESSION 
THRESHOLDS 


CONTRALATERAL 
O SUPPRESSION 
THRESHOLDS 


SUPPRESSION THRESHOLD (ya) 








SESSION 


FIG. 1. Mean (+SEM) daily suppression of feeding thresholds (uA) 
for ipsilateral and contralateral electrodes before and after knife-cut 
surgery. 


the ipsilateral electrode as the other medial cuts, the 
threshold increment produced by it (76 wA) was substantially 
lower than the increments produced by the other medial cuts 
(147 to 466 uA). Furthermore, while the cuts in the lateral 


group ranged from 0.1 to 0.4 mm lateral to the stimulating 
electrode, threshold scores did not systematically increase 
the nearer the cut was to the electrode. Thus, the most criti- 
cal feature of the cuts was their position relative to the fornix 
rather than their position relative to the stimulating elec- 
trode. 

Behavioral observations were carefully recorded 
throughout all testing sessions. During precut testing there 
were no apparent signs of aversion associated with the inhi- 
bition of feeding from VMH stimulation sites. Rather, calm 
exploratory and grooming behaviors as well as short periods 
of inactivity suggestive of rest were typically displayed by 
the rats during trials when the inhibition of feeding occurred. 
However, this was not true of the suppression of feeding 
effect produced by th dorsomedial hypothalamic electrode 
placements of subject B2; this animal became quite active as 
its feeding inhibitory threshold was approached. Following 
knife-cut surgery some, but not all, of the animals with large 
increments in threshold scores demonstrated obvious signs 
of behavioral arousal associated with ipsilateral-to-the-cut 
electrode stimulation, yet it was only at heightened levels of 
arousal that suppression of feeding occurred. For example, 
despite occasional jumping, vigorous motor activity, and ap- 
parent increases in the rate of feeding, subject A4 continued 
to eat until very high levels of behavioral agitation were 
reached. This behavior was not elicited by stimulation of the 
contralateral electrode of the subject nor was it observed in 
any animal with a lateral perifornical cut. 


DISCUSSION 


The results reported here demonstrate that parasagittal 





FIG. 2. Representative photomicrographs of lateral and medial 
perifornical knife cuts. (A: Coronal section through the tuberal hy- 
pothalamus illustrating the lateral perifornical knife cut and ipsilat- 
eral stimulating electrode of subject C5; the contralateral stimulating 
electrode is out of the plane of the section. B: Coronal section illus- 
trating the medial perifornical knife cut and ipsilateral stimulating 
electrode of subject C6; the upper portion of the contralateral stimu- 
lating electrode is also shown.) 


knife cuts in the medial perifornical area of the rat hypothal- 
amus attenuate the feeding inhibitory effect produced by 
continuous low-level electrical stimulation of the VMH 
much more than lateral perifornical knife cuts. The relative 
ineffectiveness of lateral perifornical knife cuts in disrupting 
the suppression of feeding associated with VMH stimulation 
confirms previous observations [41]. Attenuation of the 
stimulation-induced feeding inhibitory effect was also shown 
to be restricted to electrode sites located ipsilateral to the 
knife cut; the virtual absence of a knife-cut effect at con- 
tralateral electrode sites indicates that the ipsilateral impair- 
ment in stimulation-induced inhibition of feeding cannot be 
attributed to either postoperative debilitation or generalized 
neurological trauma. 

It can be inferred from these findings that fibers critical to 
the inhibitory feeding effect of VMH electrical stimulation in 
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FIG. 3. Mean postcut threshold change (uA) for each animal. The 
subjects are plotted along the abscissa according to the position of 
the cut relative to the fornix; subject B2’s cut was most distant from 
the fornix in the medial direction while subject A6’s cut was most 
distant from the fornix in the lateral direction. 


the rat traverse the perifornical hypothalamus but not the 
LH. The origin of these fibers is not clear since many fiber 
systems, including those from the VMN, PVN, and AH are 
all interdigitated in this area (e.g. [16, 30, 37, 45]. It is rele- 
vant to note, however, that very low suppression of feeding 
thresholds can be obtained from stimulation sites in the 
caudoventral AH as well as from sites ventrolaterally 
situated in the VMH [12]. Efferents from the PVN project 
through both these areas [45]. The possibility thus exists that 
a PVN fiber system mediates the suppressive feeding effect 
of VMH electrical stimulation. Contrary to an earlier report 
[8], stimulation sites just caudal to the PVN are among the 
most sensitive for the suppression of feeding ({12] Fig. 1). It 
should be noted, however, that previously published map- 
ping studies of suppression of feeding effects during electri- 
cal stimulation have not extensively explored the rostral and 
dorsal hypothalamus nor, for that matter, the midbrain. 

An anatomical parallel exists between the present VMH 
electrical stimulation data and observations on the hyper- 
phagia produced by hypothalamic knife cuts: in both cases 
feeding behavior is altered to a much greater degree by cuts 
located medial to the fornix in comparison to more laterally 
localized cuts (contrast the cuts in reference [39], Fig. 9 with 
those in the present study, Fig. 2). It is not unreasonable to 
postulate, therefore, that a common fiber system is involved, 
at least in part, in both the impaired stimulation-induced in- 
hibition of feeding effect and the hyperphagic effect 
produced by perifornical hypothalamic knife cuts. 
Moreover, hyperphagia-producing cuts similar to the medial 
perifornical cuts employed in this study produce anterograde 
degeneration of a longitudinally oriented perifornical path- 
way interconnecting the rostral hypothalamic zone with the 
midbrain [33]. The impairment of VMH stimulation-induced 
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suppression of feeding produced by medial perifornical cuts 
suggests that the feeding inhibitory effect of VMH stimula- 
tion is mediated by this longitudinally directed perifornical 
pathway. 

The relationship of the inhibitory effect of VMH electrical 
stimulation to satiety or anorexia has been questioned and 
several investigators have argued that the suppressive effect 
is a result of the aversive or disruptive consequences of the 
stimulation [8, 9, 29, 32]. However, this issue is far from 
resolved and data consistent with a satiety-enhancement 
view are also available. For example, it has been reported 
that low-level continuous electrical stimulation delivered 
ventrolaterally in the VMH—unlike stimulation of other tub- 
eral or premammillary areas—does not produce overt signs 
of behavioral disruption or aversion [11,12]. Behavioral ob- 
servations recorded during the present experiment con- 
firmed this report: current levels which suppressed feeding 
from VMH stimulation sites prior to knife-cut surgery were 
associated with calm exploratory and grooming behaviors 
usually culminating in rest. While the limitations of behav- 
ioral observation are recognized, the sequence of behaviors 
associated with VMH suppression of feeding thresholds is 
similar to the ‘‘behavioral satiety sequence’’ emphasized by 
Smith and colleagues as a valid indicator of satiety [5,42]. 
Further, although some studies have suggested that the av- 
ersive or disruptive quality of VMH stimulation is responsi- 
ble for its suppression of feeding effect, careful analysis of 
the published data does not always support this conclusion. 
For example, VMH offset thresholds (also known as ‘“‘es- 


cape thresholds’’) tend to be consistently higher than sup- 
pression of feeding thresholds [9] and medial hypothalamic 
stimulation does not invariably disrupt drinking at the same 
current levels which suppress feeding [34]. In fact, it has 
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been suggested that electrical stimulation of the VMH can be 
as rewarding as stimulation of the medial forebrain bundle 
[9], that it is more effective than LH stimulation in reinforc- 
ing the acquisition of a brightness discrimination task [28], 
and that it promotes better acquisition of a conditioned posi- 
tive reinforcer [10]. The reinforcing properties of VMH 
stimulation are also modifiable by food deprivation which 
increases stimulation repetition rates [21]. Finally, electrical 
stimulation of the VMH has a marked lipolytic effect (see 
[46]) which could directly reduce feeding. Thus, while VMH 
electrical stimulation may be aversive or disruptive under 
certain testing conditions (e.g. [8, 36, 41]), it cannot be con- 
cluded that its inhibition of feeding effect is necessarily re- 
lated to aversion or disruption, particularly with appropriate 
electrode placements and current parameters. 

In conclusion, the findings of this experiment demon- 
strate that a perifornical fiber system mediates the inhibitory 
feeding effect of VMH electrical stimulation and suggest that 
this fiber system may be the same system that mediates the 
hypothalamic hyperphagia syndrome. Contrary to the view 
of many investigators, VMH electrical stimulation may ac- 
tually exert specific satiety effects. While further research is 
needed to confirm this possibility, the brain stimulation 
technique remains a potentially useful tool for the explora- 
tion of the neural substrate of satiety and deserves further 
application. 
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WEINBERG, J., M. R. GUNNAR, L. P. BRETT, C. A. GONZALEZ AND S. LEVINE. Sex differences in biobehavioral 
responses to conflict in a taste aversion paradigm. PHYSIOL. BEHAV. 29(2) 201-210, 1982.—A conditioned aversion to 
a novel milk solution was produced, and animals were then reexposed to milk while nondeprived (low conflict) 
or following a 72-hr food and water deprivation regimen (high conflict). No sex differences occurred if 
animals were nondeprived throughout testing. However, if deprived during the interval between conditioning and reexpo- 
sure, sex differences in both behavior and adrenocortical responses occurred: (1) Presession corticoid levels of females 
were higher than those of males. (2) On the first reexposure day, females showed a suppression of plasma corticosterone 
below presession levels, while males maintained elevated or increased corticosterone levels. (3) On the second reexposure 
day, when no longer deprived, males showed a marked suppression of intake compared to females, and females subse- 
quently recovered to pretoxicosis intake levels faster than males. (4) Gonadectomy eliminated these sex differences. While 
ovariectomized females continued to resemble intact females in both behavioral and hormonal responses, castrated males 
exhibited a corticoid suppression on the first reexposure day, and subsequently recovered to pretoxicosis intake levels at 


the same rate as females. 


Pituitary-adrenal system Sex differences 


Conditioned taste aversion Rat 


Approach-avoidance conflict 
Plasma corticosterone 


Gonadectomy 





CONFLICT has been hypothesized to occur in situations 
where there is competition between two or more incompati- 
ble response tendencies [23]. Four types of conflict situa- 
tions have been defined in terms of opposing approach 
and/or avoidance responses [22,23]. The following study 
examined one of these situations, in which the organism has 
strong tendencies both to approach and to avoid a certain 
goal or object. 

Three fundamental principles determine the behavior 
which occurs when an organism is placed in a conflict situa- 
tion [23]. First, both approach and avoidance tendencies be- 
come stronger as the organism gets nearer the goal. Second, 
the strength of avoidance tendencies increases more rapidly 
than does the strength of approach tendencies. Third, the 
strengths of both approach and avoidance tendencies vary 
with the strength of the organism’s drive state. Based on 
these principles, the degree of conflict which occurs in a 
situation can be predicted by knowing the strengths of the 
tendencies which are involved. Maximum conflict should 
occur when the opposing response tendencies are equal in 
strength. However, if one tendency becomes stronger than 
the other, the amount of conflict in the situation should de- 
crease. 





Berlyne [2] has argued that conflict is a major determinant 
of arousal. As the degree of conflict in a situation increases, 
so does arousal. Recent evidence indicates that the 
pituitary-adrenal system is an integral part of an organism’s 
arousal system [15] and that plasma corticoid levels provide 
a sensitive and reliable measure of arousal. Thus it should be 
possible to monitor an organism’s internal arousal state in 
addition to its behavior in a conflict-inducing situation. 

In this study, sex differences in an approach-avoidance 
conflict were examined. Because many of the procedures 
used in studies of conflict (e.g., handling, placement in a 
novel chamber, shock) produce elevations in plasma cor- 
ticoids (e.g., [12,16]), we examined conflict using a taste 
aversion paradigm which did not involve any of these types 
of stimulation. In this paradigm, pairing of a novel substance 
with LiCl-induced illness was used to produce avoidance 
tendencies. Food and water deprivation were used to 
produce approach tendencies. Thus, a conditioned aversion 
to a novel milk solution was produced, and animals were 
then reexposed to the milk following either several days of 
ad lib food and water (low conflict), or several days of food 
and water deprivation (high conflict). Previous studies have 
shown that male rats reexposed to milk under conditions of 
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food and water deprivation (high conflict) exhibit significant 
elevations in plasma levels of corticosterone [25,27]. Al- 
though these males do show a strong aversion, they are 
nevertheless ‘forced’? to consume some of the milk solu- 
tion, and the corticoid elevations which accompany this 
‘*forced’’ reexposure appear to reflect the intensity of the 
arousal that results from conflict in this situation [27,31]. In 
contrast, nondeprived animals which are neither hungry nor 
thirsty and can therefore avoid the milk solution more effec- 
tively (low conflict), show no significant changes in plasma 
corticoid levels upon reexposure [25]. 

Few studies have compared male and female pituitary- 
adrenal responses to conflict. However, sexually dimorphic 
behaviors frequently have been noted in arousal-inducing 
situations, including placement in a novel environment 
[17,24], and active avoidance learning [1, 9, 19]. Males typi- 
cally exhibit behaviors indicative of greater arousal than 
females. The results of several recent studies [5,6] have 
shown sex differences in a conditioned taste aversion 
paradigm, which suggest that males may be more aroused 
than females in this situation as well. The following series of 
studies examined this issue using both behavioral and 
pituitary-adrenal indices of the organism’s response. 


EXPERIMENT | 


The first experiment investigated whether sex differences 
in behavior occurred in our conditioned taste aversion 
paradigm under low conflict (i.e., nondeprived) conditions. 
Chambers and Sengstake [6] found that females exhibit fas- 
ter extinction of a conditioned taste aversion than males 
under nondeprived conditions. However, major procedural 
differences between their paradigm and ours required that 
we examine male and female behavioral responses under 
nondeprived conditions in our paradigm. Plasma corticoids 
were not measured in this experiment because previous 
work indicated that corticosterone is not elevated under 
nondeprived conditions [25]. 


METHOD 
Animals 


The animals were 16 male and 16 female Sprague-Dawley 
rats (Simonsen Laboratories, Gilroy, CA) 60-70 days old at 
the beginning of the experiment, housed individually in metal 
cages (23x28 x15 cm) with flooring of wood shavings and a 
grid top which held food pellets and a water bottle. Animals 
were maintained in a colony room with constant temperature 
and humidity, on a 12-hr lights on/12-hr lights off cycle (lights 
on at 0800 hr). Food and water were available ad lib (except 
where noted) throughout all phases of the experiment. 


Procedure 


Pretoxicosis. Animals were left undisturbed for one week 
to allow adjustment to colony room conditions. Testing dur- 
ing all phases of the study was carried out in the animals’ 
home cage between 0900 and 1200 hr. To train animals to 
approach the bottle spout and drink, water bottles were re- 
placed by bottles containing a sucrose solution (20% w/v) for 
30 min each day on five consecutive days. Bottles were 
weighed before and after drinking to determine the amount 
consumed. Animals drinking less than 3 g on any of the first 
four days were water deprived until the next day. 

After the training period, animals were given 30 min ex- 
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posures to a sweetened milk solution (a 13-0z can of Carna- 
tion evaporated milk diluted with tap water to make | liter, 
with 40 g of sugar added) on each of five consecutive days, 
and intake was monitored. Previous data have shown that 
five exposures are sufficient to produce reliable intake under 
nondeprived conditions [25]. Following the fourth day of 
milk presentation, animals were assigned to experimental 
and control groups. Assignment was based on the averaged 
milk consumption score for Days 3 and 4, such that within 
each sex the two treatment groups were balanced with re- 
spect to pretoxicosis milk intake. 

Toxicosis conditioning. On day 5 of exposure to milk, 
immediately following the 30 min drinking session, animals 
in the experimental groups received an IP injection (7.50 
ml/kg) of 0.40 M LiCl; controls received an IP injection (7.50 
ml/kg) of normal saline. 

Posttoxicosis. Animals were left undisturbed for 72 hr and 
were then reexposed to the milk solution for 30 min per day 
on 11 consecutive days. Intake was recorded for each day of 
this extinction phase. 

Data analysis. Data in this experiment and in the subse- 
quent experiments were analyzed by appropriate analyses of 
variance, followed by post-hoc tests for simple main effects 
and Newman-Keuls paired comparisons [32]. 


RESULTS 


Pretoxicosis 


A 2(Sex) x 5 (Days) ANOVA on milk consumption prior to 
conditioning revealed that both males and females signifi- 
cantly increased their intake over days, F(4,120)=42.8, 
p<0.001 (Table 1A). No sex difference was observed. 


Posttoxicosis 


First reexposure. Milk intake on the first reexposure day 
was compared to pretoxicosis intake. Intake on the two test 
days preceding conditioning (Days 4 and 5 pretoxicosis) was 
averaged for each subject and used as the measure of pretox- 
icosis milk consumption. A 2 (Sex) x 2 (Treatment: LiCl, Sal) 
x 2 (Trial: Pre-, Post-injection) ANOVA with repeated 
measures on the last factor yielded a significant Treatment x 
Trial interaction, F(1,28)=20.81, p<0.001. Post-hoc tests 
indicated that there was no difference in intake between 
LiCl- and saline-treated groups prior to injection 
(Mean=16.1 g for LiCl; Mean=15.2 g for saline), but that 
upon reexposure, LiCl-treated animals consumed signifi- 
cantly less of the milk solution (Mean=4.46 g) than did the 
saline-treated animals (Mean=10.67 g), p<0.01. Again, no 
sex difference in drinking was observed. 

Extinction. A 2 (Sex) X 2 (Treatment) x 10 (Days) re- 
peated measures ANOVA on intake scores during repeated 
reexposure to milk (i.e., extinction) revealed a significant 
Treatment x Days interaction, F(9,252)=2.4, p<0.02. Al- 
though both LiCl- and saline-treated animals drank increas- 
ing amounts over the 10 days of testing (ps<0.01), subjects in 
the LiCl condition remained significantly below the level of 
the saline control group during this entire extinction phase 
(ps<0.05 on all days except Day 9, where p<0.10) (Fig. 1). 
No sex differences were observed. 


DISCUSSION 


These results suggest that males and females do not differ 
behaviorally during pretoxicosis or reexposure phases of this 
flavor toxicosis paradigm when maintained on ad lib food 
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FIG. 1. Mean amount consumed during reexposure to milk over 11 
days including the first reexposure day. 


and water throughout testing. Both males and females 
treated with LiCl showed a marked suppression in drinking 
upon first reexposure to the milk solution, indicative of toxi- 
cosis conditioning. Furthermore, the aversion was found to 
be long-lasting for both sexes, with LiCl-treated subjects re- 
maining suppressed in milk intake until approximately Day 8. 

The lack of any sex difference during recovery con- 
tradicts the findings of Chambers and Sengstake [6] and 
probably reflects the procedural differences between the two 
paradigms. In our paradigm animals were given five expo- 
sures to the milk solution rather than a single exposure prior 
to conditioning. Furthermore, the reexposure session was 30 
min rather than 2 hr in duration. Similar procedural manipu- 
lations have been shown to alter intake [10] as well as the 
magnitude and duration of the conditioned aversion which is 
established [27,31]. 


EXPERIMENT 2 


Having established that no sex differences occurred 
under low conflict (nondeprived) conditions, the second ex- 
periment compared male and female rats with respect to both 
drinking behavior and pituitary-adrenal response under 
conditions of high conflict (deprivation). Accordingly, all 
subjects were food and water deprived during the interval 
between LiCl injection and first reexposure to the milk solu- 
tion. As in Experiment 1, drinking behavior was examined 
during the pretoxicosis phase, on the first reexposure day 
and during extinction (i.e., an extended reexposure period). 
In addition, we examined plasma corticosterone levels at 
three times on the first reexposure day: 0 min (prior to reex- 
posure), and 30 min and 60 min following milk presentation. 


METHOD 


Animals 

The animals were 27 male and 27 female Sprague-Dawley 
rats which were 60-70 days old at the beginning of the exper- 
iment. 


Procedure 


Pretoxicosis and Toxicosis Conditioning procedures were 
as in Experiment 1. That is, all animals were given 5 con- 
secutive training trials with a 20% w/v sucrose solution, fol- 


TABLE 1 
MEAN (+S.E.M.) INTAKE (g) DURING THE PRETOXICOSIS PHASE 





Days 





A. Experiment | 
Male 7.4 
+1.0 


Female 8.6 


+1.2 


B. Experiment 2 
Male 


Female 
+0.7 


C. Experiment 3 
Male 73 
+0.6 


Female 7.7 
+0.5 


D. Experiment 4 
Male 7.2 
+0.6 


Female 6.0 
+0.5 





lowed by 5 30-min exposures to the sweetened milk solution. 
The one difference in procedure was that on day 5 of expo- 
sure to milk, immediately following the 30 min session, all 
animals received an IP injection of LiCl (0.40 M, 7.50 ml/kg). 

Posttoxicosis. Animals were left undisturbed for 24 hr 
following injection. They then were food deprived for 72 hr, 
water deprived for the last 24 hr of this period, and assigned 
to one of three groups (n=9 of each sex), representing the 
three blood collection times (0, 30 and 60 min) on the first 
reexposure day. Once again groups were balanced so that 
intake prior to conditioning was similar. 

Following the 72 hr deprivation period, animals in the 0 
min group were quickly removed from the colony room and 
blood samples were collected within 2 min as described be- 
low. These samples were analyzed for presession (i.e., pre- 
reexposure) levels of plasma corticosterone, and animals in 
this group were not reexposed to milk. Blood samples from 
the two reexposure groups were taken 30 or 60 min following 
milk presentation. The length of the reexposure session was 
again 30 min for these animals. 

Following blood collection on the first reexposure day, ad 
lib access to food and water was restored for all animals and 
maintained for the rest of the experiment. Forty-eight hr 
later, the extinction phase began. The milk solution was pre- 
sented to all animals in the two reexposure groups for 30 min 
on each of the next 9 consecutive days. 

Blood sampling and plasma corticosterone determina- 
tions. Blood collection took place in an anteroom adjacent to 
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FIG. 2. Plasma corticosterone levels (mean+SEM) in males and 
females on the first reexposure day, measured prior to reexposure 
(0), 30 min following milk presentation (30), and 60 min following 
milk presentation (60). 


the colony room. Samples (0.5 cc) were collected in 
heparinized syringes by cardiac puncture while subjects 
were under ether anesthesia. Samples were taken within 1-2 
min after exposure to the ether, which has been demon- 
strated to be sufficiently rapid to provide reliable estimates 
of steroid levels at the time of sampling [8]. Samples were 
then centrifuged at 2000 rpm for 20 min, after which plasma 
was separated and frozen until assayed by the fluorometric 
micromethod of Glick et al. [13]. 


RESULTS 
Pretoxicosis 


A 2 (Sex) x 5 (Days) ANOVA with repeated measures on 
the last factor indicated a significant Sex x Days interaction, 
F(4,208)=2.9, p<0.05. Females consumed more milk solu- 
tion than males on Days | and 2 of exposure (ps<0.01), but 
from Day 3 to Day 5 the difference was no longer statistically 
significant (Table 1B). 


First reexposure 


Intake. Milk intake on the first reexposure day was com- 
pared to pretoxicosis intake (mean for Days 4 and 5 preced- 
ing LiCl injection). A 2 (Sex) x 2 (Time: 30,60) x 2 (Trial: 
Pre, Post-injection) repeated measures ANOVA yielded a 
significant main effect of Trial, F(1,32)=65.0, p<0.001. All 
animals showed a significant reduction in drinking 
(Mean=8.2 g) from pre-injection levels (Mean=14.6 g). 
There was no sex difference in intake on this day. 

Plasma corticosterone. A 2-way ANOVA yielded a signif- 
icant Sex x Time interaction, F(2,48)=6.99, p<0.05 (Fig. 2). 
A simple main effect of time for males (p<0.05) indicated 
that males showed an elevation of corticosterone from 0 to 
30 min, and a decrease in corticoids at 60 min following milk 
presentation. However, Newman-Keuls paired comparisons 
on male corticoids just failed to reach significance. The sim- 
ple main effect of time was also significant for females. Cor- 
ticoid levels of females prior to reexposure were significantly 
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FIG. 3. Mean intake for males and females on the first reexposure 
day (while deprived), and following reexposure on 9 subsequent 
days (while nondeprived). 


elevated over those of males (p<0.001), and 30 min after 
milk presentation females showed a significant decrease in 
plasma corticoids (p<0.01). There was no further decrease in 
corticoid levels for females at 60 min. 


Extinction 


A 2 (Sex) x 2 (Days) ANOVA was first performed to 
compare intake on the first reexposure day (under de- 
prived conditions) with intake on the second reexposure 
day (under nondeprived conditions). A Sex x Day interac- 
tion, F(1,34)=3.88, p<0.05, indicated that although males 
and females showed similar intake on the first reexposure 
day, males showed a greater suppression of drinking on the 
second reexposure day (p<0.05) once ad lib access to food 
and water had been restored (Fig. 3). 

In addition, a repeated measures ANOVA for the factors 
of Sex, Sampling Time, and Days indicated that drinking 
increased over the extinction days for all groups, 
F(8,256)=49.01, p<0.001, and that females drank more than 
males during this phase, F(1,32)=7.48, p<0.01 (Fig. 3). By 
Day 9 females had surpassed their pretoxicosis intake levels, 
while males were still below pretoxicosis levels even on Day 
10. 


DISCUSSION 


Under high conflict conditions (first reexposure day) 
males and females exhibited a similar behavioral response 
but a dissimilar physiological response. Although both males 
and females became averted to the milk solution and showed 
a similar suppression of intake, males showed elevated corti- 
costerone levels, while females showed a significant sup- 
pression of plasma corticosterone below presession levels. 
Using the pituitary-adrenal response as an index of conflict- 
induced arousal, these data would suggest that only males 
experienced conflict upon reexposure. For females, reexpo- 
sure to milk appeared to reduce arousal. 

This sex difference in response was totally unexpected. 
One possible explanation for these data is that the depriva- 
tion regimen was more aversive for females than for males. 
According to the conflict hypothesis, an increased response 
to deprivation should increase motivation to approach the 
milk, and should decrease the conflict experienced upon re- 
exposure. The increased presession corticosterone levels 
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observed in females provide some physiological evidence to 
support the hypothesis of an increased response to depriva- 
tion. However, because presession corticoid levels were not 
measured in saline-treated controls or in nondeprived 
animals, these data can only be considered suggestive at 
present. 

Behavioral evidence supporting the suggestion of in- 
creased approach motivation in females emerged on the sec- 
ond reexposure day. Once ad lib access to food and water 
was restored, females showed significantly less suppression 
of milk drinking than males. This sex difference was main- 
tained throughout the entire recovery period, with females 
drinking more milk than males on every reexposure day, and 
recovering to pretoxicosis intake levels sooner than males. 
These behavioral differences suggest that the initial 
‘“‘forced’’ reexposure may have had differential conse- 
quences for males and females. For males, high conflict in- 
creased their subsequent avoidance behavior. For females, 
low conflict reduced the avoidance response and increased 
the positive value of the milk solution. 


EXPERIMENT 3 


This experiment was designed to investigate further the 
sex differences observed in Experiment 2. To determine 
whether food and water deprivation had differential effects 
on males and females, we compared presession levels of 
plasma corticosterone in animals maintained either on ad lib 
access to food and water during the interval between condi- 
tioning and first reexposure, or subjected to the 72 hr depri- 
vation regimen described above. To determine whether the 
sex differences in the corticoid response to both deprivation 


and reexposure were mediated by prior treatment with LiCl, 
saline-treated control groups were also tested. Finally, be- 
cause LiCl-treated animals drink significantly less than 
saline-treated controls, these data also enabled us to deter- 
mine whether the amount consumed on the reexposure day 
was related to the degree of corticoid suppression which was 
observed. 


METHOD 


Animals 


The animals were 60 male and 60 female Sprague-Dawley 
rats, 60-70 days old at the beginning of the experiment. 


Procedure 


Pretoxicosis. Animals were first exposed to the sucrose 
solution and then to the sweetened milk solution as in the 
previous experiments. 

Toxicosis conditioning. Immediately following the fifth 
milk presentation, half the animals of each sex received an IP 
injection of LiCl (0.40 M, 7.50 ml/kg) and the remaining 
animals received an IP injection of normal saline. Intake 
prior to injection was again balanced. Following injection all 
animals were left undisturbed for a 24 hr period during which 
food and water were still available ad lib. Ad lib access to 
food and water was then continued for 72 hr for 10 males and 
10 females in both the LiCl and saline groups. The remaining 
20 males and 20 females in both the LiCl and saline groups 
were subjected to the 72 hr food and water deprivation regi- 
men described in Experiment 2. 

Posttoxicosis. Following this 72 hr period, blood samples 
were collected from all animals for plasma corticosterone 


205 


determinations. In order to determine the effects of depriva- 
tion, samples were collected prior to reexposure from LiCI- 
and saline-treated males and females, which had been either 
deprived or non-deprived following injection (n=10 per 
group). The remaining animals (n=10 per group) in the dep- 
rivation condition were given a 30 min reexposure to the 
sweetened milk solution, and blood samples were taken at 
the end of this session. 


RESULTS 
Pretoxicosis 


A 2 (Sex) x 5 (Days) repeated measures ANOVA re- 
vealed that both males and females significantly increased 
their intake over the five pretoxicosis days, F(4,472)=66.27, 
p<0.001. In addition, a Sex x Days _ interaction, 
F(4,472)=2.78, p<0.03, indicated that males and females 
were similar in intake on the first four days of milk presenta- 
tion, but that males consumed more than females on the fifth 
day (p<0.01, Table 1C). 

These data on milk intake, together with the data on pre- 
toxicosis milk intake from the first 2 experiments, indicate 
that sex differences occurring in this phase of testing are of 
small magnitude and unreliable, and therefore are not mean- 
ingful. 


Plasma Corticosterone, Prior to Reexposure 


A 2 (Sex) x 2 (Treatment) x 2 (Deprivation, No Depriva- 
tion) ANOVA revealed a significant Sex x Deprivation in- 
teraction, F(1,72)=3.74, p<0.05 (Fig. 4). Male and female 
corticoid levels were not significantly different under non- 
deprived conditions (p >0.10). However, following food and 
water deprivation, both LiCl- and saline-treated females 
showed greater plasma corticoid elevations than did LiCl- 
and saline-treated males (p<0.01). There was neither a Sex 
x Treatment interaction, nor a 3-way interaction of Sex x 
Treatment < Deprivation condition, thus indicating that sex 
differences in the corticoid response to reexposure were not 
due to a differential response to LiCl-induced illness. 


First Reexposure 


Intake. The repeated measures ANOVA for Sex, Treat- 
ment, and Trial (Pre, Post-injection) revealed the expected 
Treatment x Trial interaction, F(1,36)=15.9, p<0.01. LiCl- 
treated animals significantly reduced their intake of milk 
upon reexposure (from Mean=14.8 g to Mean=9.8 g, 
p<0.01), while saline-treated animals showed no significant 
change from pretreatment intake levels (from Mean=15.7 g 
to Mean=17.0 g). 

Plasma corticosterone. Corticoid levels on the first reex- 
posure were compared to presession (pre-reexposure) levels 
(obtained following deprivation). Because of the differential 
response to deprivation discussed above, corticoid values 
for males and females were analyzed in separate 2-way 
ANOVAs for the factors of Treatment and Time (0, 30 min). 
For females there was a main effect of Time, F(1,36)=21.08, 
p<0.001 (Fig. 5). Following reexposure, both LiCl- and 
saline-treated females showed a significant suppression of 
plasma corticoids below presession levels. For males, how- 
ever, there was an interaction of Treatment and Time, 
F(1,36)=5.28, p<0.05. Saline-treated males showed a cor- 
ticoid suppression below presession levels when reexposed 
to milk (p<0.05), but LiCl-treated males showed no signifi- 
cant change in corticosterone. 
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FIG. 4. Presession (prior to reexposure) levels of plasma corticoste- 
rone (mean+SEM) in males and females under nondeprived condi- 
tions and following the 72 hr deprivation period. 


DISCUSSION 


In summary: (1) Females exhibited greater plasma cor- 
ticoid elevations than males following the 72 hr deprivation 
period. Although the greater lability of the female pituitary- 
adrenal system is well established [18], these data suggest a 
sex difference in response to food and water deprivation. 
Further, the differential response does not depend on the 
treatment (LiCl or saline) which the animals previously re- 
ceived. (2) Both males and females in the saline-treated con- 
trol group exhibited a significant suppression of plasma cor- 
ticosterone below presession levels when reexposed to the 
milk solution. This suggests that in the absence of conflict, 
milk consumption may be arousal-reducing for both males 
and females. (3) LiCl-treated females exhibited as great a 
suppression in plasma corticoids as saline-treated females 
when reexposed to milk. This suppression occurred despite 
the fact that drinking was markedly suppressed in the LiCl- 
treated females. Thus, the amount consumed on the reexpo- 
sure day did not affect the magnitude of the corticoid sup- 
pression. In contrast, LiCl-treated males maintained ele- 
vated levels of plasma corticosterone when reexposed to 
milk and did not exhibit the corticoid suppression shown by 
saline-treated males. Although the LiCl-treated males did 
not show the elevation of plasma corticosterone seen previ- 
ously (Experiment 2), their failure to show a corticoid sup- 
pression following consummatory behavior can be inter- 
preted as indicating that males maintain high levels of 
arousal while females show reduced arousal when milk is 
consumed during reexposure. 


EXPERIMENT 4 


This experiment was undertaken to investigate the role of 
the gonadal hormones in the expression of the sex differ- 
ences observed in Experiments 2 and 3. Previous data [5] 
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FIG. 5. Plasma corticosterone (mean+SEM) levels in males and 
females on the first reexposure day, measured prior to reexposure 
(0) and 30 min following milk presentation (30). 


indicate that castrated males extinguish a conditioned taste 
aversion as quickly as females, thus suggesting that testos- 
terone is responsible for the sexual dimorphism in behavior 
which has been observed during extinction in intact animals 
({5, 6, 7] and the present study). In this experiment, we 
examined whether testosterone is also responsible for the 
sexual dimorphism in the pituitary-adrenal response to dep- 
rivation and to the first reexposure. 


METHOD 


Animals 


The animals were 40 male and 40 female rats, 60-70 days 
old at the start of the experiment. 


Procedure 


Gonadectomy. Animals of both sexes were gonadec- 
tomized under ether anesthesia. Bilateral ovariectomy was 
performed on the females through a dorsal midline incision. 
For males, testes were dissected and removed through a 
single midline incision in the scrotum. The animals were su- 
tured and the skin was closed with wound clips. All subjects 
received a dose of 30,000 units bicillin post-operatively. 

Pretoxicosis and toxicosis conditioning. Following gona- 
dectomy, all animals were left to recover for at least five days 
before testing began. Animals were first exposed to a 20% 
sucrose solution and then given five exposures to the milk 
solution as previously described. Immediately following the 
30 min milk exposure on the fifth day, half the animals re- 
ceived an IP injection of LiCl (0.40 M, 7.50 ml/kg) and the 
remaining animals received an IP injection of normal saline. 

Fisrt reexposure. All animals were then subjected to the 
72 hr deprivation regimen. At the end of this period, blood 
samples were collected from half the animals prior to reex- 
posure; the remaining animals were given a 30 min exposure 
to the milk solution and blood samples were taken at the end 
of the session. 

Extinction. Ad lib access to food and water was then re- 
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TABLE 2 


MEAN (+S.E.M.) INTAKE (g) OF GONADECTOMIZED ANIMALS 
PRETOXICOSIS (PRE) AND FOLLOWING REEXPOSURE (POST) 
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FIG. 6. Plasma corticosterone (mean+SEM) levels in ovariec- 
tomized females and castrated males on the first reexposure day, 
measured prior to reexposure (0) and 30 min following milk presen- 
tation (30). 


stored for all animals. Forty-eight hr later the extinction 
phase began. Animals that had received the 30 min reexpo- 
sure to milk were given 30 min of exposure to the milk solu- 
tion each day for 10 consecutive days, and recovery to pre- 
toxicosis intake levels was measured. 


RESULTS 
Pretoxicosis 
A 2-way repeated measures ANOVA for the factors of 
Sex and Days revealed no sex differences in intake. As ex- 
pected, all animals significantly increased their intake over 
the five days of exposure, F(4,312)=55.68, p<0.001 (Table 
1D). 


First Reexposure 


Intake. A repeated measures ANOVA for the factors of 
Sex, Treatment and Trial revealed a significant Treatment x 
Trial interaction, F(1,36)=29.48, p<0.01 (Table 2). For 
LiCl-treated animals, both males and females exhibited a 
significant suppression in intake when reexposed to milk 


TABLE 3 


INTAKE (MEAN+S.E.M.) ON FIRST REEXPOSURE (DEPRIVED) AND 
SECOND REEXPOSURE (NONDEPRIVED) DAYS IN 
GONADECTOMIZED MALES AND FEMALES TREATED WITH LIC! 





Reexposure | Reexposure 2 





Males 7 5.3 
+0.9 


Females j 7.3 
+1.0 
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FIG. 7. Mean intake for gonadectomized males and females during 
reexposure (extinction) over 10 days following the first reexposure 
day. Data is collapsed across treatment (LiCl, Sal). 


(ps<0.01); saline-treated subjects, however, showed no 
change from pre-injection levels. 

Plasma corticosterone. A 3-way (Sex x Treatment x 
Time: 0, 30) repeated measures ANOVA revealed significant 
main effects of Treatment, F(1,72)=6.0, p<0.05, and Time, 
F(1,72)=25.9, p<0.001. LiCl-treated animals exhibited more 
elevated levels of plasma corticosterone than saline-treated 
animals, and all animals exhibited a significant decrease in 
plasma levels of corticosterone following the 30 min reexpo- 
sure to milk (Fig. 6). There was no main effect of Sex and no 
interactions. 


Extinction 

As in Experiment 2, a 2-way ANOVA was performed to 
compare intake on the first reexposure day (under deprived 
conditions) with intake on the second reexposure day (under 
nondeprived conditions). The main effect of Day, 
F(1,18)=12.0, p<0.01, indicated that all animals showed 
more suppressed intake on Day 2 of reexposure than on Day 
1. However, no sex difference was observed (Table 3). 

Furthermore, the 3-way repeated measures ANOVA for 
the extinction phase revealed only a significant main effect of 
Days, F(9,324)=26.3, p<0.001 (Fig. 7). Both males and 
females showed the same rate of return to pre-injection 
levels of milk consumption, and there were no sex differ- 
ences during this phase of the experiment. 





DISCUSSION 


Gonadectomy eliminated the sex differences previously 
observed both in behavior and in pituitary-adrenal response. 
Presession levels of plasma corticoids were lower in ovariec- 
tomized females and higher in castrated males than they 
were in intact animals (Experiments 2 and 3). Gonadectomy 
therefore attenuated the differential response to deprivation. 
Subsequently, sex differences in the response of LiCI- 
treated animals to reexposure were also eliminated, with cas- 
trated males exhibiting a corticoid response pattern similar 
to that of the females. In addition, unlike intact animals, 
gonadectomized males and females did not differ in sup- 
pression of intake when tested on the second reexposure 
day, i.e., under ad lib conditions; and during subsequent ad 
lib reexposures both sexes recovered at the same rate to 
pretoxicosis drinking levels. 


GENERAL DISCUSSION 


The present series of experiments was undertaken to 
compare responses of male and female rats in an approach- 
avoidance conflict paradigm. Drinking of a novel milk solu- 
tion was paired with LiCl-induced illness. Low conflict con- 
ditions were produced by maintaining animals with ad lib 
access to food and water during the interval between toxico- 
sis conditioning and reexposure to milk. For nondeprived 
animals avoidance tendencies were greater than approach 
tendencies and conflict was minimized upon reexposure. 
Under these conditions, all animals exhibited a marked drop 
in intake from pretoxicosis levels and no sex differences in 
drinking were observed on the first reexposure day or during 
subsequent repeated reexposures. In contrast, high conflict 
conditions were produced by depriving animals of food and 
water during the interval between conditioning and reexpo- 
sure. This procedure produced the classic approach- 
avoidance conflict, since animals were highly motivated to 
approach the milk, yet milk was associated with previous 
illness and was thus aversive. Using intact animals, we found 
clear differences between males and females with regard to 
the amount of conflict produced. In general, males tended to 
show greater conflict than females. In support of this hy- 
pothesis, females showed a suppression of plasma cortico- 
sterone below presession levels (indicative of decreased 
arousal) on the first reexposure day, while males maintained 
elevated or increased corticosterone levels upon reexposure 
(indicative of high arousal). On the second reexposure day, 
under ad lib conditions, males showed greater suppression of 
milk intake than females. We interpreted this suppression as 
indicating that males were showing greater avoidance behav- 
ior when not “‘forced’’ to consume milk under conditions of 
deprivation. Thus, both the hormonal and behavioral re- 
sponses on the initial exposure under deprived conditions, 
and on the second and subsequent days under ad lib condi- 
tions, suggest that males experienced conflict (resulting in 
increased arousal) upon reexposure to the aversively- 
conditioned milk solution, while for females reexposure was 
actually capable of reducing arousal. It is interesting that 
although extinction trials always occurred under nonde- 
prived conditions, sex differences in intake during the extinc- 
tion phase occurred only in animals which had been food and 
water deprived prior to the first reexposure day. We suggest 
that the initial ‘‘forced’’ reexposure may have different con- 
sequences for males and females. For males, high conflict on 
the first reexposure day may increase their subsequent 
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avoidance behavior and thus retard their recovery. For 
females, however, low conflict on the first reexposure day 
may reduce their subsequent avoidance tendencies and in- 
crease their approach to milk. Gonadectomy eliminated the 
sex differences in both behavioral and pituitary-adrenal re- 
sponsiveness. Gonadectomized males and females showed 
similar milk intake on both the first and second reexposure 
days and they subsequently recovered at the same rate to 
pretoxicosis levels. Furthermore, castrated males exhibited 
a corticoid response similar to that of the females, i.e., a 
significant corticoid suppression upon reexposure. 

The magnitude of the animals’ response to deprivation 
appeared to be an important factor in determining their sub- 
sequent response to reexposure. As the response to depriva- 
tion increased, the arousal produced by reexposure appeared 
to decrease. For intact males and females, we saw this re- 
flected in the differential corticoid response to reexposure. 
When the males’ response to deprivation was increased by 
castration, corticoid levels were suppressed rather than ele- 
vated on the first reexposure day. It would appear that the 
corticoid response to deprivation reflects the aversiveness of 
this procedure. As deprivation becomes more aversive, 
motivation to approach the milk increases and the conflict 
experienced upon reexposure thereby decreases. 

It is also possible that consumption of a small amount of 
milk solution was more reinforcing for females than for 
males, and that this was another factor which contributed to 
the differential hormonal response to reexposure. There are 
a Variety of situations where the availability of a consumma- 
tory response has been shown to be rewarding and thus to 
have an active suppressive effect on pituitary-adrenal activ- 
ity [3, 14, 20, 21]. Based on such data, Hennessy and Levine 
[15] have argued that adrenocortical suppression may repre- 
sent a neuroendocrine correlate of the process of reinforce- 
ment. Although in most previous studies the substance con- 
sumed had no aversive properties, a recent study by Brett 
and Levine [4] demonstrated that pituitary-adrenal suppres- 
sion can also occur when animals are drinking a conditioned 
aversive substance. In that situation, subjects were reduced 
to 80% of their free-feeding body weight and tested daily on 
an intermittent food delivery schedule. Consumption of un- 
usually large amounts of water typically occurs as an adjunct 
to such schedules [11], and this phenomenon has been 
termed ‘‘schedule-induced polydipsia’’ (SIP). In an initial 
experiment [3], it was shown that polydipsic rats also exhibit 
a significant drop in plasma levels of corticosterone during 
the intermittent schedule, while controls tested without 
water available, show no change in corticoid levels. Another 
group of rats [4] was then trained in the SIP paradigm but 
was given a saccharin solution instead of water, and injected 
with LiCl immediately following the experimental session. 
When reexposed to saccharin during intermittent food deliv- 
ery in the chamber, consumption of saccharin in LiCl-treated 
animals was only 20% of previous intake, yet post-session 
corticosterone levels were still significantly suppressed. 
Thus, as in the present study, the amount consumed had no 
effect on the corticoid suppression which was observed, and 
the suppression occurred even though animals were drinking 
a conditioned aversive solution. It is interesting to note that 
Brett and Levine used females in their experiment. It may 
well be that females are better able than males to use the 
cues or reinforcement provided by consummatory behavior 
to reduce arousal. The fact that in the SIP study, as well as in 
the present study, sweetened solutions were used may have 
further enhanced the positive value of drinking for females, 
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as there is evidence that sweet-tasting substances are more 
preferred by females than by males [28, 29, 30]. In any event, 
our data are consistent with the suggestion [4] that psycho- 
logical factors involving unspecified reward properties of the 
drinking behavior are responsible for the active suppressive 
effects of consummatory behavior on pituitary-adrenal ac- 
tivity. 

In view of the data on gonadectomized animals (Experi- 
ment 4) we can hypothesize that the sex differences in behav- 
ior and pituitary-adrenal response observed in the first 3 ex- 
periments occurred through a testosterone-dependent mech- 
anism. It is possible, for example, that testosterone reduced 
the response to deprivation, thus reducing motivation to ap- 
proach relative to motivation to avoid the milk solution. 
When testosterone was removed through castration, the 
suppressive effects on approach motivation may have been 
removed as well, and the female pattern of behavior and 
pituitary-adrenal activity then emerged. These data are also 
consistent with those of Chambers and co-workers [5,7] who 
demonstrated an activational effect of testosterone in their 
taste aversion paradigm. However, confirmation of the ac- 
tivational role of testerone in our paradigm must await 
further testing of the effects of testosterone replacement in 
castrated males and females. 

An alternative hypothesis for our data is that the 
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pituitary-adrenal system mediated the sex differences ob- 
served in intact animals during extinction of the conditioned 
taste aversion. It has been reported that ACTH or its analog, 
ACTH,_,), when given daily prior to extinction sessions, 
inhibits recovery as long as hormone levels remain elevated 
[26]. In the present series of studies, it was observed that 
females showed suppressed corticoids, while males either 
increased or maintained elevated levels on the reexposure 
day. It is thus possible that the elevated levels in males main- 
tained the taste aversion for a longer period of time, or con- 
versely, the markedly reduced ACTH in females, enhanced 
recovery. The fact that males showed a marked suppression 
of milk intake and maintained that suppression for several 
days after the initial reexposure would tend to support the 
hypothesis that elevated ACTH in males may account for the 
retarded recovery. 
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AWARITEFE, A. AND A. U. KADIRI. The state-trait anxiety inventory and sex. PHYSIOL. BEHAV. 29(2) 211-213, 
1982.—This study sought to investigate the response pattern of male and female subjects to the state-trait anxiety inventory 
(STAI) under anxiety-provoking and normal conditions. The relationship between the STAI and systolic and diastolic 
blood pressures for both men and women under the above-mentioned conditions was also examined. We found that the 
STAI X-2 and the systolic blood pressure discriminated between the sexes and the treatment conditions. On the average, 
both men and women scored significantly higher during the anxiety-provoking stimulus situation than during the normal 
condition on systoiic and diastolic blood pressures. The men seemed to be more prone to anxiety than the women. We also 
found that, STAI X-1 related negatively to both the systolic and diastolic blood pressures in the anxious condition among 
men, while it related positively to the systolic and diastolic blood pressure among women. During the ‘‘calm’’ period, while 
STAI X-1 and X-2 were unrelated to systolic and diastolic blood pressure among men, the STAI X-2 correlated positively 


with systolic and diastolic blood pressures among women. 


State-trait anxiety inventory Sex Blood pressure 





THE state-trait anxiety inventory (STAI) by Spielberger er 
al. [7] is an American self-report instrument which consists 
of forty items arranged on a four-point scale of intensity. It is 
usually administered in disguise as ‘‘self-evaluation ques- 
tionnaire.’"” The STAI is divided into two separate scales, 
namely, form X-1 and form X-2, each composed of twenty 
items. The form X-1 is a measure of anxiety state, which is a 
momentary, fluctuating condition. Essentially, X-1 measures 
the subjective feelings of apprehension, nervousness, ten- 
sion and worry. The form X-2 is a measure of anxiety trait, 
which is enduring, relatively immutable attribute of an indi- 
vidual. It indicates the intensity of the proneness of an indi- 
vidual to manifest anxiety state. Spielberger [7] has aptly 
related X-2 to the concept of potential energy in physics. 
Although developed as a research instrument, the STAI is 
now known to be of clinical relevance in medicine, surgery 
and neuropsychiatric conditions. 

Within the Nigerian context, the STAI [7] has been used 
to successfully distinguish between women who were expe- 
riencing their paramenstruum and those who were not [1,2]. 
Among the hypotheses tested and sustained was that anx- 
iety, objectively measured, would rise among women during 
their paramenstruum. These studies, however, utilized a ret- 
rospective role-playing paradigm. A prospective study de- 
signed to test the performance of women on the STAI in 
anxiety-provoking stimulus situations and to relate same to 
physiological and clinical measures of anxiety is yet to be 
reported in Nigeria, although such studies with men now 
exist [2, 3, 4]. Such studies are all the more important as local 


norms on the STAI are not yet available. This study, there- 
fore, seeks to answer the following questions: (1) Do women 
perform higher on the STAI during the pre-examination 
condition than during the post-examination condition? (2) 
How do they compare with men in this respect? (3) How is 
STAI related to blood pressure among women under an 
anxiety-provoking condition and under a normal condition? 
(4) How does this relationship compare with that of men? 


METHOD 
Subjects 
We utilized a total of 60 subjects comprising 30 male and 


30 female undergraduate medical students who were taking 
their second-year terminal test in physiology. 


Material 


The materials used were the State-Trait Anxiety Inven- 
tory (STAI) forms X-1 and X-2 by Spielberger er al. [7], 
stethoscopes and sphygmomanometers. 


Procedure 


The students reported at the physiology laboratory for 
their terminal test in physiology. They were then requested 
to participate in an on-going physiological experiment. First, 
the STAI form X-1 was administered, followed by form X-2. 
Then the blood pressures were taken by two Professors of 
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TABLE 1 
MEANS AND S.D.’S 
Male Female 
Condition Test Mean o>. Mean S.D. 
Pre-Examination 
X-1 34.6 7.903 32.733 6.933 
X-2 40.167 7.539 36.4 6.675 
Systolic 
BP 119.433 11.057 115.667 11.987 
Diastolic 
BP 78.1 8.252 74.967 6.911 
Post Examination 
X-1 33.733 9.645 32.3 8.125 
X-2 37.633 9.445 34.533 8.553 
Systolic 
BP 114.433 11.913 109.4 9.8 
Diastolic 
BP 74.5 8.725 70.633 8.954 





physiology and their staff. After this, the actual physiology 
test took place. 

We controlled for time of day and food intake. No bever- 
ages were taken by the students. Accordingly, we ensured 
that testing was done before lunch between 11:30 a.m. and 
12:30 p.m. Pre-treatment testing was done immediately be- 
fore the examination and post-treatment testing was done 72 
hours after the examination. Finally, our raw data were con- 
verted to McCall ¢ scores before statistical analysis was 
made. 


RESULTS 


We present the means and standard deviations of STAI 
and blood pressure by sex and treatment condition in Table 
1. The mean of each of STAI X-1, X-2, systolic and diastolic 
blood pressures tended to be higher for the male than for the 
female subjects, although these sex differences did not reach 
significance at the 5% level in the majority of cases. 

However, a 2X2 factorial ANOVA for repeated measures 
performed on the STAI X-2 scores indicated significant sex 
differences, with males scoring higher than females, 
F(1,87)=6.601, p>0.025. There were no significant interac- 
tion effects. The STAI X-1 neither distinguished between the 
sexes, nor distinguished between the pre-examination and 
post-examination treatment conditions. The table showing 
the summary of this analysis is omitted for space reasons. 

A 2x2 factorial ANOVA performed on the systolic and 
diastolic blood pressures respectively also revealed that the 
systolic blood pressure was higher for our male subjects than 
for our female subjects, F(1,87)=10.615, p>0.01, and higher 
for the ego-involving, pre-examination condition than for the 
post-treatment condition, F(1,87)=17.400, p>0.001. There 
were no significant sex - by - treatment interactions (viz 
Table 2). Although the diastolic blood pressure revealed no 
sex differences, it had one significant main effect: The pre- 
examination levels, were reliably higher than the post- 





TABLE 2 
A 2x2 ANOVA ON SYSTOLIC BP 
Source of Mean 
Variations S.S d.f. Square F p 





Sex: Male vs 





Female 580.801 1 580.801 10.615 0.01 
Condition: 

Before vs 

After 952.034 1 952.034 17.400 0.001 
Sex x 

condition 12.031 l 12.031 0.220 ns 
Blocks 9.876.467 29 340.568 
Error: Block 

x condition 4,760.134 87 54.714 
Total 16,181.467 119 





treatment level, F(1,87)=23.972, p>0.001. Again, sex—by 
—treatment interaction were inconsequential. 

It is also interesting to note that, in the actual physiology 
examination, the female subjects performed slightly better 
(mean 68.47 + 6.38) than the male subjects (mean 66.67 + 9). 
But this difference did not reach significance at the 0.05 
level. 

The intercorrelations among the two variants of STAI and 
blood pressure presented in Table 3 also show intriguing sex 
differences. Among the male subjects, STAI X-1 correlated 
negatively but significantly with diastolic and systolic blood 
pressures during the tense, pre-examination condition. But 
among the female subjects STAI X-1 correlated positively 
and significantly with both the systolic and diastolic blood 
pressures during the tense, pre-examination condition. 

After the examination, STAI X-1 and X-2 tended to be 
positively correlated with systolic and diastolic blood pres- 
sures among the males, but these correlations were insignifi- 
cant. During this same period among the females, STAI X-1 
correlated negatively and significantly with diastolic blood 
pressure, but not with the systolic blood pressure. The STAI 
X-2, on the other hand, related positively and significantly 
with systolic and diastolic blood pressures among the female 
subjects during the relatively calm post-examination period. 

With both sexes and under the two treatment conditions, 
STAI X-1 positively and significantly correlated with STAI 
X-2. With regard to test-retest correlations both our male 
and female subjects registered higher reliabilities in the STAI 
than in the blood pressures (viz diagonals of Table 3). 


DISCUSSION 


The male subjects had higher mean scores than the female 
subjects in both the STAI X-2 and the systolic blood pres- 
sure. The sex differences reflected here may be biologically 
determined, since women on the average, weigh less than 
men and in addition experience periodic blood loss due to 
menstruation. 

The STAI forms X-1 and X-2 did not discriminate be- 
tween our ‘‘anxious’’ and *‘non--anxious’’ treatment condi- 
tions, whereas the systolic and diastolic blood pressures 
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TABLE 3 


INTERCORRELATIONS BETWEEN THE VARIOUS 
MEASURES OF ANXIETY 





Systolic Diastolic 


X-2 BP 





Male 
X-1 
X-2 
Systolic BP 
Diastolic BP 

Female 
X-1 .566* 3837 P .468* 
X-2 .972* .792* : 110 
Systolic BP .260 .821* ; — 
Diastolic BP S22" .967* O15 





Above the diagonal are the pre-examination intercorrelations. 
Below the diagonal are the post-examination intercorrelations. 

*=r Significant at or beyond the 0.01 level. 

+=r Significant at or beyond 0.05 level. 

All correlations are X Pearson’s product-moment. Test-retest r 
appear in diagonals. 


were reliably higher in the anxious than in the non-anxious 
condition, with both sexes combined. 

This result is not quite the same as an earlier one where 
only the STAI X-1 and diastolic blood pressure discrimi- 
nated between the pre-examination and post-examination 
conditions whereas the STAI X-2 and systolic blood pres- 
sure did not [4]. The difference between the present study 
and the earlier one just cited is that, in the present work, 
there were more subjects than in the earlier study (a ratio of 
60:27 subjects). Moreover, the pretesting in the earlier study 
took place twenty-four hours prior to the examination 
whereas pre-testing in the present work took place im- 
mediately before the examination. 

In yet another study [4] which was undertaken under the 
same conditions as the present one, we observed that the 
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STAI X-2, and the systolic blood pressure were higher for 
the pre-examination condition than for the post-examination 
condition. However, there was the difference that all the 83 
subjects in that study were male. All three studies consid- 
ered, we find that the STAI (X-1 and X-2) and the systolic 
blood pressure successfully discriminated between the two 
treatments conditions on one and two respectively out of 
three conditions. In the present study, our finding implies 
that the STAI has little, if any, relationship with blood pres- 
sure across the sexes in this study. 

However, when the male and the female subjects were 
examined separately, the major finding was that the STAI 
X-1 correlated negatively with both systolic and diastolic 
blood pressures in the anxiety-provoking condition among 
men, while it correlated positively with systolic and diastolic 
blood pressures among women. One could explain these sex 
differences by arguing that the males were more confident 
and so reported less anxiety than the females. But this argu- 
ment would be untenable because the males performed less 
well than the females in the actual physiology examination. 
These response patterns may imply that the ‘‘anxious”’ 
males deny that they are anxious whereas the female *‘truth- 
fully’’ admit their own anxiety, because it is socially desir- 
able for men to be seen to be fearless in the Nigerian culture. 
Be that as it may, it is more consistent to say, at least with 
respect to the male subjects, that STAI does not measure 
what the blood pressure measures [3]. 

This line of thinking is in agreement with our recent find- 
ings elsewhere [Awaritefe, A. and M. O. Obiaya. The rela- 
tionship between STAI MPI, and physiological measures 
under threat and non-threat conditions. (In preparation), 
1982]. Sarason [6] and Krause [5] have produced excellent 
reviews of work which sought to relate questionnaire-based 
measures to physiological measures of anxiety. Their con- 
clusions correspond with our findings that the relationship 
between these two groups of variables is, for the most part, 
low or negative. 

The relationship between the STAI and the blood pres- 
sure among women found in this study, though different 
from that among men, is merely suggestive. Further research 
with female subjects in this area is indicated. 
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COHEN, S. L. AND A. POPLAWSKY. Effects of septal lesions on the discrimination of fixed-ratio performance. 
PHYSIOL. BEHAV. 292) 215-218, 1982.—Rats with septal lesions and control rats were required to press the center lever 
of a three lever operant chamber a fixed number of times before activating the side levers. If the rat pressed the center lever 
32 times, then a response on the right lever was correct and food was delivered. If the rat pressed 2, 4, 8, or 16 times on the 
center lever, then a response on the left lever was correct. Both groups were able to discriminate between long and short 
fixed-ratio schedules. As expected, more errors were made as the discrimination became more difficult. Septal rats, 
however, were unable to discriminate as well as control rats. These data suggest that septal lesions interfere with rats’ 


ability to monitor response-produced proprioceptive stimuli. 


Septal lesions Proprioceptive feedback 


Fixed ratio 


Lever press 





RATS with septal lesions respond at a higher rate and re- 
ceive fewer reinforcers than control rats on a differential 
reinforcement-of-low rate (DRL) schedule when external 
stimuli are not used to signal the end of the interresponse 
time [2, 3, 5, 10, 14]. The overresponding of septal rats on a 
DRL schedule has been attributed to a failure of these 
animals to use response-produced proprioceptive stimuli to 
discriminate the duration of elapsed time since the last re- 
sponse [8,9]. 

Other DRL studies, however, have shown that animals 
with septal lesions may not be insensitive to response- 
produced stimuli [2,14]. Braggio and Ellen [2], for example, 
altered the force required to depress the lever on a DRL 
schedule as a function of interresponse time. Rats with septal 
lesions were able to use this differential change in lever force 
to perform as well as controls. 

In a more direct test of whether rats with septal lesions 
are insensitive to response-produced proprioceptive stimuli, 
Ellen and Kelnhoffer [9] required five consecutive responses 
on one lever of a two-lever operant chamber before a re- 
sponse on the other lever produced food. In this *‘counting”’ 
task septal rats had difficulty discriminating when to shift to 
the food lever. In a similar task, however, Van Hoesen, 
MacDougall, and Mitchell [23] found no differences between 
septal and control rats and concluded that septal rats are able 
to monitor their own behavior. 

In light of the discrepant conclusions from DRL and 
Mechner [16]-type counting procedures, we examined sep- 
tal lesions with a psychophysical procedure that involved 
both counting and discrimination of counting behavior. Rats 
placed in a three-lever operant chamber were required to 
press the center lever a fixed number of times (i.e., a fixed- 
ratio (FR) schedule) in order to activate the side levers. Fol- 





lowing a short FR (e.g., FR 2) on the center lever a response 
on the left lever was correct, and following a longer FR (FR 
32) a response on the right lever was correct. The rats, there- 
fore, had to monitor response counts on the center lever and 
then use these counts to discriminate between short and long 
FR’s. Previous research [15,19] has shown that pigeons are 
capable of making fine discriminations between FR 
schedules. It was hoped that this procedure would be more 
sensitive than previous procedures in detecting whether sep- 
tal lesions interfere with rats’ ability to monitor their behav- 
ior. 


METHOD 
Subjects 


Twelve experimentally naive male Sprague-Dawley rats 
(Camm Research, New Jersey), approximately 90 days of 
age at the start of the experiment, were used. Rats were 
housed individually and had free access to water. 


Apparatus 


Testing was done in two identical operant conditioning 
chambers (Coulbourn Instruments, model E10-10) housed in 
sound attenuated cubicles. Three response levers were lo- 
cated horizontally across the front panel of the chamber, 8.5 
cm between centers, 2.5 cm above the grid floor. Two 28 V 
yellow cue lamps were positioned above each side lever. 
Food reinforcement consisted of 45 mg Noyes pellets deliv- 
ered to a trough 5.5 cm above the center lever. Food delivery 
was accompanied by the 5-sec illumination of a 28 V white 
feederlight above the pellet trough. A white 28 V houselight 
1.5 cm from the ceiling illuminated the chamber during each 
trial when responses were required on the center lever. Con- 


'The authors thank Joann Matani for her help in conducting this research. Reprints may be obtained from either author at the Department of 
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trol of experimental contingencies and data acquisition were 
done by solid state circuitry (Coulbourn Instruments) and 
digital counters. 


Procedure 


Surgery and histology. Animals were randomly assigned 
to septal-lesioned (n=6) or control-operated (n=6) groups. 
The rats were anesthetized with ethyl ether and held by ear- 
bars in a Kopf stereotaxic instrument. The incisor bar was 
positioned such that the skull points lambda and bregma 
were on the same horizontal plane. The coordinates (adjusted 
because of the skull position) were as follows: 10.0 mm 
anterior the frontal zero plane, +0.75 mm lateral to the mid- 
line, and 5.25 mm below the surface of the brain with a 
current of 1.5 mA passed for 20 sec. The stereotaxic coordi- 
nates for the control group were the same as the septal 
lesioned group except that no current was passed through 
the electrode. 

After postoperative observation was completed, all 
animals were anesthetized with an overdose of ethyl ether 
and perfused intracardially with 0.9% physiological saline 
solution followed by 10% formal-saline (0.9% NaCl) solution. 
Brains were extracted and frozen brain sections were made 
every 80 uw. To determine the location and extent of the 
lesion, every second section was mounted on a slide, stained 
with cresyl violet, and examined microscopically. An 
anterior, middle, and posterior coronal section of each 
animal’s brain was projected on the appropriate Pellegrino 
and Cushman [18] atlas-reference coronal planes, and re- 
constructions of the lesions were used to determine neural 
damage. Ten days after surgery rats were placed on a re- 
stricted diet and maintained at 80% ad lib weights that were 
determined the day of surgery (310 to 485 g). 

Training procedure. Rats were trained to press the center 
lever for food (side levers absent) by the method of succes- 
sive approximation and given two sessions of continuous 
reinforcement. The side levers were then introduced. During 
training only one side lever was present with the center 
lever, and the side alternated after each session. One re- 
sponse on the center lever turned on the cue lamps over the 
side lever and extinguished the houselight. One response on 
the side lever delivered one food pellet. A 5-sec intertrial 
interval was scheduled after the 5-sec reinforcement cycle 
where the chamber was dark and responses reset the 5-sec 
intertrial interval. Over a period of 40 sessions the number of 
presses on the center lever (i.e., an FR schedule) needed to 
activate the side lever was gradually increased. When the left 
lever was present an FR 2 (‘‘short’’ FR) was scheduled on 
the center lever. With the right lever present the FR was 32 
(“‘long’’ FR). A response on a side lever before the FR was 
completed resulted in a 3-sec blackout and reset the FR. 
Each session lasted 60 trials. 

Experimental sessions. Both side levers were presented 
simultaneously, and rats were required to discriminate be- 
tween a “‘short’’ and “‘long’’ FR on the center lever. In the 
first condition the two ratios were FR 2 and FR 32. The com- 
pletion of an FR turned off the houselight and turned on the 
cue lamps over both side levers. With an FR 2 on the center 
lever a response on the left lever was correct, and with an FR 
32 a response on the right lever was correct. Correct re- 
sponses produced three food pellets, and errors (pressing 
right after an FR 2 or left after an FR 32) produced a 3-sec 
blackout. The size of the FR (short or long) was scheduled 
randomly from reinforcement to reinforcement. A correction 
procedure was in effect so that following an incorrect side 
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lever response the same FR was scheduled on the center 
lever until a correct side response was made. Sessions lasted 
50 trials or 1 hr, whichever came first. Other aspects of the 
procedure were the same as in training (e.g., a response on a 
side lever before the FR was complete produced a 3-sec 
blackout and reset the FR). 

Four conditions were examined in succession: FR 2 vs 
FR 32 (13 sessions), FR 4 vs FR 32 (7 sessions), FR 8 vs FR 
32 (15 sessions), and FR 16 vs FR 32 (13 sessions). The 
shorter FR always required a response on the left lever and 
the FR 32 a response on the right lever. 

Statistical analysis. The first dependent variable was the 
probability of correct responses following an FR 32 or a 
shorter FR on the center lever. Calculations omit data ob- 
tained from trials following incorrect responses, i.e., when 
the correction procedure was in effect. These data were 
analyzed by a 2x45 mixed design analysis of variance. The 
three factors were groups (septals and controls), conditions 
(FR 2 vs FR 32, FR 4 vs FR 32, FR 8 vs FR 32, and FR 16 vs 
FR 32) and sessions (the last five sessions of each condition). 
Groups was the only between factor. 

The present study involved a psychophysical estimation 
of rats’ ability to discriminate between two FR’s. Rats were 
given a choice following an FR 32 or a shorter FR on the 
center lever. Such choice responding is a joint function of 
stimulus parameters and the rats’ discriminative abilities, as 
well as nonsensory factors such as motivation and position 
bias [7]. The theory of signal detection [12] provides a means 
of separating the former (i.e., sensitivity) from the latter 
(i.e., response criterion) and was applied to the present data. 
This type of analysis has been successfully used in other 
studies using similar **counting’’ procedures [4,21]. Follow- 
ing an FR 32 the rat could press right or left, and following a 
shorter FR left or right. In the terminology of signal detec- 
tion these four outcomes are hits, false rejections, correct 
rejections, and false alarms respectively. Using the 
probability of hits and false alarms a measure of sensitivity 
was calculated for each session for septal and control rats 
[12]. Since the “‘signal’’ and ‘‘noise’’ distributions in our 
experiment were not known to be normally distributed with 
equal variance, the nonparametric index of sensitivity (A’) 
was used rather than the parametric index (d’) [4, 13, 17]. A’ 
may vary between 0.5 and 1.0, with greater values indicating 
a greater ability to discriminate between the two FR’s. A 
Mann-Whitney U test was used to compare A’ values of 
septal and control groups for each condition of the experi- 
ment. 

The last dependent variable was the number of premature 
side lever responses made before the FR was completed on 
the center lever and the yellow cue lights were turned on. 
These premature responses produced a 3-sec blackout and 
reset the FR. The number of premature responses were re- 
corded (on right and left levers combined) and analyzed by a 
2x4x5 mixed design analysis of variance. 


RESULTS 


Histology 


Figure 1 shows the extent of damage to the septum at the 
point of maximum damage. The lesions extended from the 
genu of the corpus callosum to the columns of the fornix. 
Anterior extra-septal damage included the anterior hip- 
pocampus, and minimal damage to the ventro-medial corpus 
callosum and to the caudate. Posterior to the septum, two 
animals sustained minimal damage to the columns of the 
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FIG. 1. A composite reconstruction of the septal lesions sustained 
by the experimental group. 


fornix. There was also minimal damage to the dorsal accum- 
bens nuclei, which lie ventral to the septal nuclei. 


Behavior 


Figure 2 presents the percent correct responses for the 
FR 32 and shorter FR schedules (FR X) for control and 
septal lesioned rats for the four conditions of the experiment. 
There was a significant decrease in correct right lever re- 
sponses across the four conditions, F(3,30)= 14.31, p<0.001. 
As expected, the percentage of correct right lever responses 
(following an FR 32, dashed lines in Fig. 2) was lowest for 
both groups (80%) for the most difficult discrimination, i.e., 
FR 16 vs FR 32. There were, however, no significant differ- 
ences between control and septal rats across conditions 
when animals had to make a right lever response after an FR 
32 on the center lever. 

There was also a significant decrease in correct left lever 
responses following FR 2, 4, 8, and 16 on the center lever for 
both groups across the four conditions, F(3,30)=40.07, 
p<0.001. Rats with septal lesions had fewer correct left lever 
responses (following short FR’s, solid lines in Fig. 2) than 
control rats; 83% as compared to 93% for controls, 
F(1,10)=10.21, p<0.01. There was also a significant interac- 
tion between groups and conditions for correct left lever 
responses, F(3,30)=8.90, p<0.001. This interaction showed 
that there were no differences in correct responses on the left 
lever between control and septal rats for the first three con- 
ditions (FR 32 vs FR 2, 4, and 8); however rats with septal 
lesions had 54% correct responses on the left lever compared 
to 83% for the control rats when the discrimination was FR 
16 vs FR 32 (see solid lines in Fig. 2). 

Figure 3 presents a measure of detectability (A’) for septal 
and control groups for the four conditions of the experiment. 
Septal rats had a lower A’ (less discrimination) for all four 
conditions. However, only at the most difficult discrimina- 
tion (FR 32 vs FR 16) was A’ significantly (U=2, p<0.004) 
lower for septal rats. 

There were also no statistical differences between septal 
and control rats for responses on the side levers before the 
required FR was completed on the center lever. However in 
the FR 16 vs FR 32 condition, septal rats had a mean of 177 
errors (range 4-503) as opposed to 29 (range 1-128) for con- 
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FIG. 2. The percentage of correct side lever responses across the 
four conditions of the experiment (FR 2 vs FR 32, FR 4 vs FR 32, FR 
8 vs FR 32, and FR 16 vs FR 32). Filled and open circles show septal 
and control rats respectively. Solid lines connect correct left-lever 
responses following an FR 2, 4, 8, or 16 (FR X) on the center lever. 
Dashed lines connect correct right-lever responses following an FR 
32 on the center lever. Data are means of the last five sessions of 
each condition. 
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FIG. 3. Discriminability (A’) across the four conditions of the exper- 
iment. A’ may range from 0.5 (no discrimination) to 1.0 (perfect 
discrimination). Data are means of the last five sessions of each 
condition. 


trols. The large degree of variability found in the error 
scores, particularly of the septal rats, prevented a significant 
interaction effect between groups and conditions. 


DISCUSSION 


Normal and septal lesioned rats were able to discriminate 
between long and short FR schedules under the present 
psychophysical procedure. Both groups of rats made more 
errors on the side lever as the discrimination became more 
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difficult. The main finding of the present study was, how- 
ever, that rats with septal lesions were unable to discriminate 
as well as control rats. Following an FR 16 on the center 
lever septal rats made significantly fewer correct responses 
than controls during the most difficult discrimination (i.e., 
FR 32 vs FR 16). When the data were reanalyzed using signal 
detection theory it was shown that despite a right-lever re- 
sponse bias, rats with septal lesions had significantly lower 
sensitivity (A’) scores than controls. This indicates that sep- 
tal lesions lowered stimulus sensitivity independent of re- 
sponse criterion (i.e., response bias). As expected, lower A’ 
was most evident as the FR discrimination was made more 
difficult. 

These data indicate that rats with septal lesions can dis- 
criminate between FR schedules; but when the discrimina- 
tion is difficult (i.e., FR 32 vs FR 16) the lesion interferes 
with the rats’ ability to monitor response-produced 
proprioceptive stimuli. This argument has been used to ex- 
plain why septal lesions sometime cause decrements in DRL 
performance [8,11] and in two-lever counting tasks [9]. Ellen 
and Kelnhofer [9] required rats to press one lever five times 
before switching to the other lever for food. Septal rats 
tended to switch prematurely to the food lever before com- 
pleting the FR 5 on the counting lever. 

While the failure of septal rats to perform efficiently on 
counting tasks may be due to reduced sensitivity to 
proprioceptive stimuli other explanations should be consid- 
ered. For example, performance may have been affected by 
the frustrative-nonreward phenomenon. Studies [1] have 
shown that the omission of regularly scheduled reinforce- 
ment leads to an exaggeration of ongoing behavior (e.g., re- 
sponse rate), and that rats with septal lesions show an en- 
hanced frustration effect [6,20]. Premature switching re- 
sponses on a two-lever counting task leads to reinforcement 
omission and could heighten the animals’ motivational state. 
Poorer performance of septal rats might be caused by a 
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greater disruption of FR responding from reinforcement 
omission. A similar phenomenon was observed in the pres- 
ent study. Rats would often respond on the side lever before 
completing the FR requirement on the center lever. Fur- 
thermore, septal rats tended to make more premature side- 
lever responses than controls. An advantage of the present 
psychophysical procedure is that the rats’ discrimination 
ability was measured after the completion of the entire FR 
schedule and, because of the correction procedure, after re- 
inforcement delivery. Thus, the disruptive effects of nonre- 
ward on the monitoring of response produced stimuli were 
minimized in the present three-lever procedure compared to 
Mechner-type two-lever procedures [9]. 

It should also be recognized that although correct side- 
lever responses were determined by the number of FR re- 
sponses on the center lever, rats’ behavior may have been 
under the control of temporal stimuli not defined by our 
procedure. For example, it takes more time to complete an 
FR 32 than an FR 8. The rats may have been rewarded for 
pressing the right lever after a long time interval and the left 
lever after a shorter interval. Poorer performance by septal 
rats may have been due to a disruption in temporal discrimi- 
nation. Although an explanation in terms of a temporal dis- 
crimination cannot be ruled out, Rosenkilde [22] has shown 
that dorsal septal lesions do not interfere with a discrete-trial 
temporal discrimination in cats. 

Finally, it might be argued that septal lesions increased 
the rats’ tendency to perseverate on the right lever, thus 
increasing the number of false alarms. While Fig. 2 does 
illustrate an increased tendency for septals to press the right 
rather than left lever a substantial number of left-lever re- 
sponses were still emitted under the correction procedure. 
Unfortunately, the exact sequence of side lever responses 
was not recorded during the session, and the role that per- 
severation may have played in our results cannot be deter- 
mined. 
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BRETT, L. P., J. PATTERSON AND S. LEVINE. Adjunctive drinking and the pituitary-adrenal response: Effects of 
prior aversive stimulation (preshock). PHYSIOL. BEHAV. 29(2) 219-223, 1982.—Two groups of rats were exposed to an 
intermittent food schedule which induced polydipsia. One group of rats had previously been exposed to inescapable shock. 
This group showed reduced amounts of polydipsia, and the polydipsia was ineffective in reducing arousal levels (relative to 
those of the control group), as indexed by plasma corticosterone levels. 


Rat Polydipsia Preshock Corticosterone 


PRIOR exposure of rats to unsignaled and inescapable elec- 
tric shock has been found to produce long-lasting effects on 
both behavioral and physiological responses to subsequent 
test situations. For example, rats exposed to the preshock 
(PS) procedure exhibited both a greater adrenocorticoid re- 
sponse and greater behavioral indices of emotionality than 
did control animals in subsequent tests of shock-avoidance 
[23], responsiveness to intense acoustic stimuli [9], and re- 
sponsiveness to an open field [21]. PS treatment has also 
been found to interfere with shock-escape and -avoidance 
learning under some test conditions [2,8], although it 
facilitates avoidance learning under others [8,20]. It has been 
hypothesized that the effects of PS may be mediated by a 
modification of the arousal system resulting in an increased 
sensitivity to stress [8]. Certain of these data would also 
appear to be consistent with a ‘‘learned helplessness”’ hy- 
pothesis [26,31]. That is, prior exposure to a traumatic, un- 
controllable situation may produce an expectation that av- 
ersive situations in general are uncontrollable, and 
proactively interfere with acquisition of effective coping re- 
sponses when the animal is exposed to stressful conditions. 
This account could explain why PS treatment sometimes in- 
terferes with subsequent escape-avoidance learning. The 
learned helplessness concept might also be relevant to some 
other data obtained from PS animals which appears to reflect 
an inability to cope effectively. Drinking water in a novel test 
situation has been found to attenuate the rise in adrenocor- 
ticoids that rats typically exhibit in this situation [22,37]. It 
has been hypothesized that the performance of this con- 
summatory response under these conditions has reinforcing 





properties that lead to arousal reduction. Thus, although 
drinking does nothing to terminate the aversive experience, 
it may represent an effective coping response in an uncon- 
trollable situation (the opportunity to fight another rat in an 
uncontrollable shock situation has similarly been found to 
reduce the increase in ACTH typically found when rats are 
shocked singly). Weinberg, Erskine and Levine [37] found 
that PS rats drank significantly less than controls in a novel 
environment. Moreover, drinking did not result in decreased 
corticoid elevations in PS animals (relative to PS rats that did 
not have water available in this situation). Thus, PS appears 
to proactively interfere both with the development of drink- 
ing and with the ability to utilize this behavior to reduce 
arousal. The present experiment examined whether these 
effects of PS would also be found in another type of test in 
which drinking has been hypothesized to be arousal reduc- 
ing. 

Certain schedules of intermittent feeding have been hy- 
pothesized to have an aversive component, because the hun- 
gry animal’s eating behavior is being thwarted. It has been 
suggested [13,14] that adjunctive drinking may serve a buf- 
fering function in such situations. Consistent with this hy- 
pothesis, Brett and Levine [6,7] reported that schedule- 
induced polydipsia (SIP) is accompanied by a drop in cor- 
ticoids during an intermittent food-delivery session, whereas 
animals without water available during sessions maintain 
presession corticoid levels. Thus, SIP may represent an ef- 
fective coping response in an uncontrollable and highly frus- 
trating feeding context. We were therefore interested in de- 
termining if PS would proactively interfere with the devel- 
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opment of SIP and/or with the adrenocortical response to 
SIP. 


METHOD 


Subjects 


The subjects were 20 female Sprague-Dawley rats 
(Simonsen Laboratories, Gilroy, CA), weighing between 235 
and 296 g at the beginning of the experiment. The animals 
were individually housed in a colony room with a 12:12 hr 
day/night cycle. Water was available ad lib in the home cage 
throughout the experiment. Home cage food rations con- 
sisted of Wayne Laboratory Diet. 


Apparatus 


(1) Pretreatment. The apparatus used for the shock and 
control pretreatments in this experiment consisted of a 
202025 cm chamber with three solid metal walls and a 
front wall and floor consisting of 3.2 cm bars spaced 1.6 cm 
center-to-center. Shock was delivered through a Grason- 
Stadler shock scrambler (Model 1064GS). 

(2) Intermittent food delivery. Experimental sessions were 
conducted in four 22.9x20.3x21.6 cm chambers housed in 
sound-insulating boxes (Industrial Acoustic Corporation). A 
metal food cup was located in the right corner of each 
chamber, and a 1.9-cm-dia. hole was located 6.4 cm to the 
left of the food cup and 5.1 cm above the grid floor. A water 
spout protruded 1.3 cm into the chamber through this hole. 
Each sound-insulating box was illuminated by a 15 W light 
located behind a white translucent panel above the chamber. 
Masking noise was provided by the air circulation system in 
the boxes. Electronic relay equipment controlled the deliv- 
ery of food pellets. 


Procedure 


Habituation. Subjects were habituated to colony room 
conditions for 12 days after their arrival. On experimental 
days 1-5, each animal was weighed and handled and was 
maintained on ad lib food. Water intake was monitored every 
24 hr during this period and in the pretreatment and weight 
reduction phases that followed. 

Pretreatment. Subjects were assigned to Preshock (PS) or 
Control (C) pretreatment conditions based on water intake 
on days 1-5, such that drinking prior to pretreatment was 
balanced between groups. On days 6-10, each animal was 
placed individually in the pretreatment apparatus for a 4.5- 
min session. For PS subjects, each session consisted of 
trains of 10 shock trials (at 2.5 mA) followed by 10 no-shock 
trials for a total of 180 discrete trials (90 shock trials). Each 
trial was 0.5-sec duration with a 1.0-sec interval between 
trials. Subjects in the C group also received five 4.5-min 
sessions in the chamber, but without shock. 

Weight reduction. On days 11-20, the subjects were 
gradually reduced to 80% of their averaged (days 6-10) free- 
feeding body weights by partial food deprivation, and were 
maintained at this reduced weight throughout the intermit- 
tent food delivery phase. 

Intermittent food delivery. On days 21-29, each subject 
was weighed and then placed in an experimental chamber for 
a 90-min session, during which standard formula 45 mg 
Noyes food pellets were delivered on a Fixed Time (FT) 
60-sec schedule. Five squads of 4 rats each were run in suc- 
cession each day, with every squad containing 2 PS and 2 C 
rats. Water was freely available during experimental ses- 
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FIG. 1. Mean daily water consumption by PS and control subjects 
during all phases of the experiment. Intake during the Intermittent 
Food Delivery phase of the experiment is divided into experimental 
chamber and home cage components. Arrows indicate days on 
which blood samples were collected. Consumption data are omitted 
for these days and Days 10 and 20 because experimental procedure 
was incompatible with measuring 24-hr water intake. 


sions, and intake was determined by weighing the water 
bottle pre- and postsession. Water consumption in the home 
cage during the 22.5-hr intersession interval was also moni- 
tored. Supplemental food rations of sufficient quantity to 
maintain each animal’s weight were provided in the home 
cage immediately after experimental sessions. 

On day 30, half of the PS and C rats received a 30-min 
session in the experimental chamber. Immediately after this 
session, a blood sample was collected from each subject 
(postsession sample). The remaining PS and C rats did not 
receive an experimental session. A blood sample was col- 
lected from each of these subjects at the time of day a session 
would normally be initiated (presession sample). 

On days 31-33, all subjects were returned to the 90-min 
session experimental routine. On day 34, a second blood 
sample was collected from each subject. Those rats from 
which a presession sample had previously been obtained 
were now sampled immediately after a 30-min session, and 
vice versa. 

Blood collection. Blood collection was accomplished by 
rapidly transferring the animal from its home cage (preses- 
sion) or experimental chamber (postsession) to a jar contain- 
ing ether and then drawing approximately 0.5 ml of blood 
from the heart of the anesthetized animal into a heparinized 
syringe. Blood collection was completed within 1-2 min, a 
period shown to be sufficiently rapid to prevent a rise in 
plasma corticosterone due to the sampling procedure itself 
[10]. The samples were centrifuged at 2000 rpm for 20 min to 
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FIG. 2. Mean changes in plasma corticosterone levels of the PS and 
control groups. (Vertical lines represent standard errors of the 
means.) 


obtain cell-free plasma, which was assayed using the 
fluorometric method of Glick, von Redlich and Levine [16]. 
RESULTS 


Three PS and 3 C subjects died during the experiment. All 
data obtained from these subjects were excluded from 
analysis. 


Water Intake 


The water consumption data for all phases of the experi- 
ment are presented in Fig. 1. Separate 2-way (groups, days) 
analyses of variance for repeated measures designs [38] were 
performed on the data from each phase. Significant effects 
for the days factor only were found for the ad lib food (days 
1-9, Fig. 1) phase, F(8,96)=3.84, p<0.001, and the weight 


reduction (days 11-19, Fig. 1) phase, F(8,96)=11.57, 
p<0.001. The water intake data for the intermittent food 
delivery phase (days 21-29 and 31-33) were separated into 
home cage and experimental chamber components. Analysis 
of the home cage data indicated an effect of days only, 
F(11,132)=51.72, p<0.001, whereas effects of both days, 
F(11,132)=27.31, p<0.001, and groups, F(1,12)=5.92, 
p<0.05, were found for the experimental chamber data. 
Thus, although examination of Fig. | reveals that both 
groups developed a polydipsic pattern of drinking in the ex- 
perimental chamber on the FT-60-sec food-delivery 
schedule, PS animals engaged in adjunctive drinking signifi- 
cantly less than did C animals. There was also a significant 
group difference in adjunctive drinking on the postsession 
blood collection days (days 30 and 34), t=8.98, p<0.01. Dur- 
ing the 30-min sessions, C subjects drank an average of 15.31 
ml and PS subjects an average of 10.14 ml. 


Steroids 


The plasma corticosterone data are presented in Fig. 2. A 
t-test performed on the presession-postsession difference 
scores indicated a significant group difference, 1=2.49, 
p<0.05. Examination of Fig. 2 reveals that C subjects exhib- 
ited the typical drop in corticosterone during the session, 
whereas PS subjects show no decrease. The absolute amount 
of water consumed during the 30-min test session was not 
significantly related to postsession corticoid levels (Pearson 
r for control group=0.17, for preshock group=0.25). 


DISCUSSION 


The present results indicate that rats exposed to PS differ 
from control animals in two respects when placed in a situa- 
tion that generates adjunctive drinking. First, PS animals 
engage in significantly less drinking behavior, although they 
are definitely polydipsic. Second, PS subjects, unlike non- 
shocked animals [6,7], are apparently unable to benefit from 
the arousal-reducing properties of this behavior. It must be 
emphasized that reduced drinking during intermittent feed- 
ing sessions found in PS rats does not, per se, account for the 
difference observed between PS and control subjects in 
postsession corticoid levels. In addition to the failure to find 
a significant correlation between drinking and steroids in the 
present study, it has previously been demonstrated [7] that a 
significant drop from presession corticoid levels can occur 
even when experimental manipulations during a test session 
reduce or restrict average adjunctive water consumption to 
less than 4 ml (recall that the average consumption during the 
30-min test session by PS animals was 10.14 ml). 

It may be that the failure of PS animals to exhibit a drop in 
corticoid levels with adjunctive drinking reflects an in- 
creased sensitivity to the aversive emotional components of 
the intermittent-feeding situation, although it is unclear why 
this response would also interfere with the development of 
polydipsia. In fact, there is evidence that experimental ma- 
nipulations which (presumably) increase nonspecific emo- 
tional arousal can actually enhance schedule-induced 
polydipsia [15,34]. 

An alternative explanation which accounts for both the 
drinking and corticoid data derives from our view of con- 
summatory responding as a type of coping mechanism [6, 17, 
22]. It is well established that preshock treatments interfere 
both with the acquisition of instrumental responses [26, 27, 
30, 31], and the performance of coping attempts such as 
aggression [24, 32, 33], swimming [5], or consummatory re- 
sponses [37]. It may be the case that the reduced polydipsia 
in our subjects is a manifestation of this sort of ‘‘learned 
helplessness.’’ If so, our corticoid data are doubly interest- 
ing in that they suggest that even when these animals do emit 
a coping response (i.e., drinking), this response is not 
psychologically effective. 

Similar sorts of nonmotivational deficits have often been 
suggested in the helplessness literature, but have been 
notoriously difficult to assess independently of motivational 
deficits [1 25], and most investigators of the phenomenon 
have been forced to rely upon controversial assumptions re- 
garding learning rates [4, 18, 29, 31, 35], or upon human 
verbal reports [19,28]. The present data suggest a more di- 
rect and satisfactory index of the nonmotivational deficit 
than either of these. Moreover, the data would seem to indi- 
cate that the helplessness deficit may be considerably more 
profound than heretofore postulated. Whereas previous ac- 
counts have generally claimed that preshock disrupts the 





animal's ability to associate a coping response with its out- 
come, in the present case the potency of an otherwise effec- 
tive arousal-reducing response was actually eliminated. 
Such a perspective may prove useful in interpreting other 
findings on the effects of preshock. The work of Weinberg er 
al. ({37], see above) seems to indicate that the phenomenon 
is not confined to the polydipsia paradigm. It would be inter- 
esting to determine whether other coping mechanisms which 
are affected by preshock (e.g., fighting, swimming) are also 
disrupted at this very basic psychological level. We are also 
presently attempting to assess the endocrine responses of 
animals subjected to standard instrumental helplessness 
paradigms [11,12]. If this link with instrumental helplessness 
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can be established, we hope to ascertain the extent to which 
this deficit is sensitive to the same variables as the classic 
behavioral deficits. We have some preliminary work [36] 
which indicates that, in fact, the deficit in arousal modulation 
may be even more robust than the standard behavioral vari- 
ables. 
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McGINNIS, M. Y., C. P. PHELPS, D. M. NANCE AND B. S. MCEWEN. Changes in estrogen and progestin receptor 
binding resulting from retrochiasmatic knife cuts. PHYSIOL. BEHAV. 29(2) 225-229, 1982.—Retrochiasmatic frontolat- 
eral knife cuts (FLC) or sham operations (Sham) were performed with a Halasz-type knife. All animals were primed with 
estrogen plus 0.5 mg progesterone (P) and tested for lordosis both before and after surgery. Two weeks after the last test 
they received estradiol (E,) in Silastic capsules and were sacrificed 2 days later for determination of either nuclear estrogen 
receptors or cytosol progestin receptor binding in brain and pituitary (PIT). Rats which had received FLC showed 
significantly lower lordosis quotients relative to Shams, and relative to their own pre-surgery scores. Nuclear E,-receptor 
binding was significantly reduced in the hypothalamus (HY PO) following FLC, but not in preoptic area (POA) or PIT. No 
changes in cytosol P-receptor binding were observed in HYPO, POA or PIT following FLC. Our results suggest a positive 
correlation between the number of hypothalamic E,-receptors and the capacity to display lordosis, and emphasize the 


importance of anterolateral connections to the HYPO for the progesterone-induced facilitation of lordosis. 


Retrochiasmatic knife cuts Estrogen receptors 


Progestin receptors 


Lordosis behavior 





SURGICAL interruption of retrochiasmatic anterior and lat- 
eral neural connections of the mediobasal hypothalamus 
(MBH) has been shown to interfere with spontaneous LH 
release and ovulation in the rat [11, 33, 42]. Surgical inter- 
ruption of anterior and lateral MBH pathways results in the 
reduction of LH release after medial preoptic area (MPOA) 
stimulation in the female [37,43] and male rat [6], in addition 
to deficiencies in ovarian steroid dependent feeding [27]. 
Such frontolateral knife cuts (FLC) also produce deficits in 
the display of lordosis in ovariectomized female rats follow- 
ing priming with estrogen and progesterone [32, 34, 35, 46]. 

Hypothalamic knife cuts that are similar in location and 
size to those used in the above studies are known to result in 
neural fiber and terminal degeneration throughout the MBH, 
in addition to neural and vascular damage in other brain 
regions [15, 34, 40]. Although neurochemical changes in 
MBH resulting from hypothalamic knife cuts have recently 
been demonstrated [29, 36, 45], the actual mechanism for 
neuronal interaction in steroid-dependent reproductive 
phenomena is not well understood [30,38]. Some of the 
functional decrements which occur after hypothalamic knife 
cut surgery may in fact reflect specific damage to neural 
substrates or pathways critical for a particular steroid- 
dependent function. 





Because the occurrence of lordosis has correlated well 
with the presence of estrogen receptors and the induction of 
progestin receptors by estrogen, we hypothesized that the 
decrement in lordosis might be due to a reduction in hypotha- 
lamic steroid receptors. Thus in the present study, we meas- 
ured both estrogen and progestin receptors in hypothalamus 
(HYPO), as well as preoptic area (POA) which is anterior to 
the cut, and pituitary (PIT) following FLC. 


METHOD 
Experimental Design 


Female Sprague-Dawley rats from Simonsen Laborato- 
ries (Gilroy, CA) were housed in group cages on a reverse 
12:12 light:dark cycle with food and water available ad lib. 
Two weeks after ovariectomy all animals were treated with 
estradiol benzoate (EB) and progesterone, then tested for 
lordosis to confirm their ability to show high levels of lor- 
dosis responding. Two weeks later they were randomly di- 
vided into two groups and subjected to either frontolateral 
knife cuts (FLC) or sham surgery (Sham). Approximately 
three weeks after surgery, they were tested again for lordosis 
after receiving subcutaneous (SC) implants of estradiol (E,) 
in Silastic capsules plus P SC. Two weeks later, animals 
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were again implanted with E, in Silastic capsules and sac- 
rificed for assay of either estradiol of progestin receptor 
binding in brain and pituitary gland. 


Surgery 

Animals were randomly assigned to two groups and given 
either FLC or Sham surgery as described previously [34,37]. 
Briefly, a Halasz knife with a retractable blade was lowered 
stereotaxically 5.5 mm through the superior sagittal sinus. 
The blade was extruded and rotated 180 degrees bilaterally 
(radius, 1.5 mm); the lateral extreme of the cut was then 
extended 2.8 mm posteriorly toward the mammillary bodies 
for FLC. Sham surgery consisted of knife carrier lowering 
and posterior excursion without extrusion of the blade. 
These cuts sever anterior as well as anterolateral connec- 
tions of the mediobasal hypothalamus. Because the brains of 
these animals must be dissected for biochemical analysis of 
steroid receptors, it is not possible to verify placement of 
knife cuts histologically. Using multiple regression analysis, 
cut morphometrics were found to be highly significant pre- 
dictors of lordosis in response to hypothalamic knife cuts [35]. 

By employing this criteria, the lordosis scores could be 
used to predict both the cut location and whether or not the 
cuts were complete, and FLC rats with high scores were 
excluded from biochemical analyses. 


Lordosis Tests 


Behavior tests were conducted during the dark period 
under conditions of dim illumination. Each female was 
placed in a test arena with a sexually active male rat. Follow- 
ing 10 mounts by the male, the lordosis quotient (LQ) for 


each female was calculated as number of lordoses/10 mounts 
x 100. For the pre-surgery test, each rat received 2 ug EB 
SC for 2 days, followed by 0.5 mg P 4-6 hr prior to testing. 
After surgery, rats received SC implants of 5 mm long Silas- 
tic capsules filled with pure E, [14]. After two days of E, 
exposure, each animal received 0.5 mg P SC, and was tested 
4-6 hr later for lordosis. In pilot work it was found that LQ 
scores for individual rats were comparable whether they re- 
ceived 2 wg EBx2 days, or exposure to pure E, in Silastic 
capsules for 48 hr. Data were analyzed by analysis of vari- 
ance with post-hoc comparisons by Dunn’s test [13]. 


Estrogen Receptor Binding Assays 


Nuclear estrogen-receptor complexes in brain and pitui- 
tary were quantified using an exchange assay developed by 
Roy and McEwen [39]. Animals were sacrificed by decapi- 
tation 2 days after implantation of Silastic capsules contain- 
ing E,. POA and HYPO were dissected according to the 
method of Luine et al. [16] and placed on ice. These two 
brain regions were selected because they contain E, recep- 
tors [20] and were analyzed separately to determine effects 
on E, binding anterior (POA) and posterior (HYPO) to the 
cut. Pituitaries were also removed and placed on ice. Tissue 
from two rats was pooled for each sample. 

Purified nuclear pellets were obtained by centrifugation. 
Estrogen-receptor complexes in the nuclear pellets were salt 
extracted in buffer containing 10 mM Tris, | mM dithio- 
threitol, 0.5 mM Bacitracin with and without 0.8 M KCl, and 
incubated for 30 min at 0-4°. The extracts were centrifuged 
at 16,000xg for 10 min. Aliquots were incubated for 5 hr at 
25° with either 2 nM *HE, (2,4,5,6 *H-estradiol, 92-108 
Ci/mmole, New England Nuclear) alone, or *HE, plus 
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RU2858 (Roussel-Uclaf, Romainville, France) in 100-fold 
excess to control for non-specific binding. Under these con- 
ditions, the *HE, displaces the endogenous E, from the re- 
ceptor. Receptor-bound *HE, was separated from free *HE, 
by passing the incubates through Sephadex LH-20 columns. 
The eluates were collected in scintillation vials and counted 
at 45% efficiency in a toluene-based scintillation fluid. Non- 
specific binding was subtracted from total binding to yield 
specific binding. Content of DNA in the nuclear pellet was 
determined by the method of Burton [4]. Results are ex- 
pressed as femtomoles *HE./mg DNA. Student’s ¢-test was 
used to evaluate differences between E, receptor levels of 
FLC and Sham groups [13]. 


Progestin Receptor Binding Assays 


Cytosol progestin receptor binding was determined ac- 
cording to the method of MacLusky and McEwen [17] using 
the synthetic progestin *HR5020 an ligand. Animals were 
implanted SC with E, in Silastic capsules and their brains 
dissected as described for E, binding assays. Tissue from 
two rats was pooled for each sample. 

Samples were homogenized in a buffer containing 10 mM 
Tris, 1.5 mM disodium EDTA, | mM dithiothreitol and 10% 
glycerol (pH 7.4). Purified cytosol extracts were obtained by 
centrifugation for 30 min at 105,000xg in a Beckman L3-50 
Ultracentrifuge cooled to 2°. Aliquots of cytosol superna- 
tants were incubated for 4 hr at 4° with buffer containing 0.4 
nM *HRS5020 (17,21,dimethyl-19-nor-pregna, 4,9-diene- 
3,20,dione, New England Nuclear), or in parallel incubations 
with a 50-fold excess of unlabeled R5020 (Roussel-Uclaf, 
Romainville, France), to measure non-specific binding. Re- 
ceptor bound *HRS5020 was separated from free steroid on 
Sephadex LH-20 columns, and counted in Liquiscint (Nu- 
clear Diagnostics). Specific binding was calculated by sub- 
tracting non-specific binding from total binding. Protein con- 
tent in the incubates was determined by the method of Brad- 
ford [3], and results expressed as fmoles *HR5020/mg 
protein. Differences between progestin receptor binding in 
FLC and Sham groups were evaluated by Student’s /-test 
[13]. 


RESULTS 
Lordosis Tests 


Results of lordosis tests are shown in Fig. |. Analysis of 
variance revealed highly significant (p <0.001) effects of FLC 
and pre- versus post-test, as well as an interaction. Post-hoc 
comparisons using Dunn’s test indicated that the mean LQ 
for the post-test of the FLC group was significantly lower 
than that of the pre-test of the FLC group (29.5+5.7 vs 
87.8+4.2) and significantly lower than both the pre- and 
post-test scores of the Sham group (88.7+2.3 and 76.5+4.3). 
The other three groups did not differ significantly from each 
other. 


Estrogen Receptor Binding Assays 


Figure 2 shows cell nuclear estrogen receptor levels in 
HYPO, POA and PIT of FLC and Sham rats after E, prim- 
ing. Animals with FLC had E, receptor levels significantly 
lower than Shams in the HYPO (Student’s f-test, p<0.01). 
Binding values for POA (see Table 1) and PIT of FLC rats 
were not significantly different from values obtained for 
Sham-operated controls. 
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FIG. |. Lordosis quotients (+sem) before and after either frontolat- 
eral knife cuts (FLC) or Sham surgery. FLC groups are designated 
by solid bars: Sham groups by open bars. All animals received 
estrogen for two days plus progesterone (0.5 mg) 4-6 hr prior to 
testing. Numbers of rats per group are indicated at the base of each 
bar. The asterisk signifies a significant (p<0.001) decrease in LQ 
relative to all other groups. 


Progestin Receptor Binding Assays 


Cytosol progestin receptor binding levels for HYPO, 
POA and PIT after E, Priming are shown in Fig. 3. Using 
Student's f-test, no significant changes in progestin receptor 
levels (see Table 1) were observed in either of the two brain 
regions, or in the PIT from rats subjected to frontolateral 
knife cuts. 


DISCUSSION 


The results of the behavioral portion of this study confirm 
earlier reports of a lordosis deficit in rat after retrochiasmatic 
knife cuts which sever anterior and lateral MBH neural con- 
nections [34, 35, 46]. Associated with this behavioral deficit 
was a reduction in estrogen-receptor binding in the HYPO 
but not in the POA or PIT. Both the HYPO and the POA are 
known to contain estrogen sensitive neurons [20, 31, 47] and 
both areas have been implicated in the control of reproduc- 
tive behavior [1, 8, 10] and the control of LH release by the 
anterior pituitary [2, 9, 22]. The most effective site for elicit- 
ing lordosis after intracranial estrogen implants is the ven- 
tromedial nucleus of the hypothalamus [1, 8, 21]. 
Presumably, some threshold number of estrogen receptors in 
the HYPO, particularly in the ventromedial nucleus, would 
be critically important for the adequate display of lordosis. 
The results of our estrogen-receptor binding studies support 
this notion. Rats that received FLC shows a deficit in lor- 
dosis responding and a deficit in estrogen-receptor binding in 
the HYPO, but not in the POA. Carrillo and Sheridan [5] 
have reported a decrease in MBH cytosol estrogen recep- 
tors, but no change in POA E, receptor concentrations one 


: 





Nuclear °H E. (fmotes/mg DNA) 























FIG. 2. Nuclear estrogen-(E,) receptor binding (+sem) in hypothal- 
amus (HYPO), preoptic area (POA) and pituitary (PIT) of animals 
which received either frontolateral knife cuts (FLC) or Sham 
surgery. All animals were exposed to E, in Silastic capsules for 2 
days prior to sacrifice. FLC groups are designated by solid bars: 
Sham groups by open bars. Numbers of samples per group (two rats 
pooled for each sample) are indicated at the base of each bar. The 
asterisk signifies a significant (p<0.01) decrease in E,-receptor bind- 
ing relative to the respective control group. 


TABLE | 


NUCLEAR ESTROGEN RECEPTOR AND CYTOSOL PROGESTIN 
RECEPTOR VALUES (MEAN + s.e.m.) FOR HYPOTHALAMUS 
(HYPO), PREOPTIC AREA (POA) AND PITUITARY (PIT) 





FLC Sham 





E, Receptor Binding (fmoles/g DNA) 

291.53 + 
211.54 + 
1187.11 + 


154.13 + 28.03 
257.43 + 46.32 
1159.00 + 50.69 


P Receptor Binding (fmoles/mg Protein) 
10.32 + 2.63 10.93 + 


9.01 + 1.24 8.49 + 
19.62 + 1.00 16.59 + 





week after severing all neural connections of the hypothala- 
mus. It is not known whether the estrogen receptor deficit is 
specific for a particular cell grouping within the hypothala- 
mus, although a loss of specific target neurons for estrogen, 
or a decrement in estrogen binding capacity for E, could 
explain the reduction in hypothalamic E, receptor concen- 
trations. 

Because FLC impair permanently the ability of female 
rats to show lordosis in response to EB plus P [35], a deficit 
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FIG. 3. Cytosol progestin-receptor binding (+sem) in hypothalamus 
(HYPO), preoptic area (POA) and pituitary (PIT) of animals which 
received either frontolateral knife cuts (FLC) or Sham surgery. All 
animals were exposed to E, in Silastic capsules for 2 days prior to 
sacrifice. FLC groups are designated by solid bars: Sham groups 
by open bars. Number of samples per group (two rats pooled per 
sample) are indicated at the base of each bar. 


in progestin receptor induction was predicted following 
FLC. Inasmuch as no significant differences from control 


levels were found for progestin receptors in the tissues 
studied, the question of how FLC-induced reductions of es- 
trogen receptor concentration in the HYPO may have influ- 
enced the deficiency in EB plus P-primed lordosis observed 
in our study is unanswered. If the decreased hypothalamic 
E, receptor levels were insufficient to maintain lordosis even 
though normal levels of P receptors were induced by E,, 
other explanations are possible. For example, the FLC may 
have severed anterolateral connections of a critical popula- 
tion of E, concentrating cells in the HYPO while sparing 
those specifically involved in P receptor induction. A reduc- 
tion in the population of hypothalamic estrogen concentrat- 
ing cells critical for lordosis may have also altered the func- 
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tional interaction between estrogen and hypothalamic neuro- 
transmitters. 

Although speculative, this view receives some indirect 
support. Catecholamines are selectively lowered in MBH 
nuclei (i.e., paraventricular and arcuate) following FLC in 
EB-primed females [36], and the arcuate nucleus contains E, 
target neurons which are surrounded by fluorescent cate- 
cholamine terminals [12]. Estrogens are known to affect 
other neurotransmitters as well as their receptors, and ad- 
ministration of certain neurotransmitter antagonists can 
block estrogen-induced facilitation of lordosis [18, 23, 28]. 
Finally, a relationship between deficits in lordosis and de- 
fects in LHRH release following surgical interruption of 
anterior and lateral MBH connections has been suggested 
[26,30]. Thus, it may be that simply the induction of P recep- 
tors is not enough. Other effects of estrogen on neurotrans- 
mitters, neurotransmitter receptors and LHRH may also be 
important for the display of lordosis and may require a higher 
concentration of hypothalamic estrogen receptors than that 
found in FLC animals. 

Even if the decreased E, receptor levels of FLC rats were 
sufficient to produce all the neurochemical sequelae neces- 
sary for the facilitation of lordosis, the potential contribution 
of lesion effects traditionally considered to be of a secondary 
nature [41] cannot be overlooked. In that context, hypotha- 
lamic knife cuts may not only interrupt, but also produce 
novel substrates for, steroid effects on behavior in either the 
peptidergic [7] or catecholaminergic hypothalamic neuronal 
systems [44]. Also damage to the median eminence has been 
shown to induce neuronal sprouting and create new relation- 
ships to vascular supply and glia [25]. Thus, the correlations 
between steroid receptor levels and steroid-sensitive behav- 
ior known to exist in the intact female rat may be affected not 
only by direct pathway interruption, but also by dynamic 
neural responses after lesion. 

Overall, the results of these studies support the conten- 
tion that there is a positive correlation between the number 
of estrogen receptor sites in the HYPO and the capacity to 
display lordosis after EB plus P [19,24]. However, the inter- 
ruption of anterior and lateral neural connections of the 
MBH apparently dissociates the correlation typically found 
between HYPO progestin receptor binding and the behav- 
ioral expression of P action. These findings emphasize the 
importance of the integrity of anterolateral connections to 
the HYPO for appropriate E, receptor occupation and the 
adequate display of lordosis in female rats. 
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SISK, C. L. AND F. K. STEPHAN. Central visual pathways and the distribution of sleep in 24-hr and |-hr light-dark 
cycles. PHYSIOL. BEHAV. 29(2) 231-239, 1982.—The role of the central visual pathways in determining the distribution 
of sleep in light-dark (LD) cycles in the circadian and ultradian range was examined. EEG, EMG, and brain temperature 
were recorded under 24-hr (LD 12:12 or LD 10:14) and 1-hr (LD 0.5:0.5) cycles in rats which received either (1) no lesion, 
(2) primary optic tract lesions, (3) lesions of dorsal and lateral terminal nuclei of the accessory optic system, (4) lesions of 
medial terminal nucleus of the accessory optic system, or (5) retinohypothalamic tract-suprachiasmatic nucleus lesions. 
Under 24-hr cycles, about 40% of sleep occurred in the dark in intact rats. Retinohypothalamic tract-suprachiasmatic 
nucleus lesions abolished this entrainment of sleep to the LD cycle. Under 1I-hr cycles, 90% of REM sleep occurred in the 
dark periods in intact rats. While primary optic tract lesions attenuated this response, it was not completely abolished by 
any of the visual system lesions. The characteristic LD distributions of sleep in circadian and ultradian cycles may therefore 


be under separate neural control by the central visual system. 


Circadian LD cycles 
Ultradian LD cycles 


Central visual system 
Sleep-wake rhythm 


WHEN albino rats are maintained under light-dark (LD) cy- 
cles in the circadian range such as 12 hr light: 12 hr dark (LD 
12:12), approximately 60-70% of daily slow wave sleep 
(SWS) and rapid eye movement (REM) sleep occurs in the 
light phase of the cycle, reflecting the nocturnal bias of wak- 
ing and activity in these animals [7, 13, 29]. The LD distribu- 
tion of sleep is quite different in rats exposed to LD cycles in 
the ultradian range. Under a variety of LD cycles ranging 
from LD 2.5 min: 2.5 min to LD 6 hr: 6 hr, REM sleep occurs 
predominantly in the dark [1, 2, 4, 14]. In fact, REM sleep 
may occur almost exclusively in the dark under cycle lengths 
intermediate in this range, e.g., LD 0.5 hr: 0.5 hr [4,14]. The 
latency to onset of REM sleep after lights-off is often very 
short, within 1-2 min if the animal is in SWS at the start of 
the short dark period, suggesting that the L-to-D transition 
serves as a trigger for REM sleep [2, 16, 24]. There is a 
relatively small facilitation of SWS by light under short LD 
cycles [2,4]. This appears to be the result of a gradual in- 
crease in SWS throughout the light period, and not the result 
of an immediate triggering of SWS at lights-on. This suggests 
that the timing mechanisms of SWS and REM sleep can be 
independently influenced by light, and that they are differ- 
entially sensitive to transient and static lighting conditions. 
Under ultradian-length LD cycles, 24-hr fluctuations of gen- 
eral activity and inactivity are still observed, and total daily 
amounts of time spent in waking, SWS, and REM sleep are 
unchanged [1,2]. 





Entrainment 


REM sleep Retinal projections 


The physiological mechanisms underlying the short dark 
period enhancement of REM sleep are not understood. It is 
known that the effects of short LD cycles on REM sleep are 
mediated via the eyes, since dark enhancement of REM 
sleep is abolished in rats blinded by orbital enucleation [14]. 
It is not known, however, which of the central retinal pro- 


jections is involved in the dark enhancement of REM sleep. 


The central visual pathways can be divided into three 
major systems. The primary optic system projects to the 
lateral geniculate, superior colliculus, and pretectal nuclei, 
and its most well-known function is to provide a visual 
representation of the environment [23]. The accessory optic 
system projects to three pairs of mesencephalic nuclei—the 
medial, dorsal, and lateral terminal nuclei—via two separate 
tracts. The function of the accessory optic system is not fully 
understood, but anatomical and electrophysiological evi- 
dence suggests that it may be involved in oculomotor func- 
tions and perhaps in the coordination of the visual and ves- 
tibular systems [5, 17, 18, 37]. The retinohypothalamic sys- 
tem projects to the suprachiasmatic nuclei and mediates both 
entrainment of endogenous circadian rhythms to external 
LD cycles and photoperiodic control of reproduction in 
seasonally-breeding rodents [15, 27, 30, 33]. 

There is no clear a priori prediction as to which of these 
visual pathways may mediate the effects of short LD cycles 
on REM sleep. Light has direct inhibitory effects independ- 
ent of circadian entrainment on the pineal enzymes 
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N-acetyltransferase and hydroxyindole-O-methyltransferase 
(HIOMT) [15], and on water intake in rats [30,31]. The re- 
tinohypothalamic tract (RHT) mediates these effects of light 
on pineal function [15], whereas the accessory optic system 
may be involved in the inhibitory action of light on water 
intake [28,30]. Thus there may be no single retinal projection 
which mediates non-circadian effects of light on physiolog- 
ical processes. 

Lesions of the retinohypothalamic projection to the sup- 
rachiasmatic nuclei (SCN) or neural isolation of the SCN 
from their retinal afferents eliminate entrainment of the 
sleep-wake rhythm to 24-hr LD cycles [12, 13, 29]. However, 
REM sleep still appears to be susceptible to exogenous 
modulation by light following SCN lesion or deafferentation 
[7, 29, 38]. Passive entrainment of hamster wheel-running 
activity to LD cycles has been reported following SCN/RHT 
lesions which abolish the endogenous circadian rhythmicity 
of activity [25,26]. These results suggest that light can influ- 
ence the distribution of sleep and activity via visual path- 
ways other than the RHT, and that the entrainment of circa- 
dian rhythms by light and the direct inhibition or stimulation 
of behavior by light may be under separate neural control. 

In this experiment, the roles of the known central retinal 
projections in the modulation of REM sleep by short LD 
cycles were investigated. Electrophysiological recordings of 
sleep were obtained under 24-hr and 1-hr LD cycles in 
groups of rats with selective ablation of the primary, ac- 
cessory, or hypothalamic retinal projections. The LD distri- 
butions of arousal, SWS, and REM sleep in animals with 
visual system lesions were compared with those of intact rats 
exposed to these lighting conditions. 


METHOD 
Animals and Housing 


Adult male (240-420 g) and long-term ovariectomized 
(ovx) female (290-335 g) Sprague-Dawley rats were used in 
the experiment and were housed individually under LD 12:12 
or LD 10:14 (lights on 0800) in standard laboratory cages 
with free access to food and water. For electrophysiological 
recording, the rats were housed in individual plywood cham- 
bers (263046 cm) fitted with water tubes. The lighting in 
the recording room was provided by standard overhead 
fluorescent fixtures. Light intensity was 80 lux when meas- 
ured at the opening of the top of the plywood recording 
chamber. 


Surgical Procedures 


All surgeries were performed under Chloropent 
anesthesia (Ft. Dodge, lowa; 0.3 ml/100 g body wt). Elec- 
trolytic lesions were made stereotaxically with tungsten or 
stainless steel electrodes insulated with epoxylite except for 
the tip. 

After a recovery period, the rats were prepared for elec- 
trophysiological recordings of sleep and brain temperature. 
Two stainless steel jeweler’s screws (No. 0-80) were im- 
planted unilaterally over parietal cortex as EEG electrodes. 
Uninsulated portions of two teflon-coated stainless steel 
wires were sutured to the dorsal neck muscles for EMG 
recording. Cortical temperature was recorded using a glass 
bead thermistor inserted through a slit in dura. All leads were 
soldered to a miniature connector (ITT Cannon or Am- 
phenol) and the assembly was mounted on the skull with 
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anchoring screws and dental cement. A period of at least two 
weeks intervened between implantation and_ elec- 
trophysiological recording. In most cases the total time be- 
tween lesion placement and electrophysiological recording 
was 4-6 weeks, although occasionally this interval was as 
long as 12-15 weeks. 


Experimental Groups 


Four groups of animals with different visual system le- 
sions as well as an intact control group were studied. The 
visual system lesions were designed to provide experimental 
groups which would assess the effects of selective ablation of 
either the primary optic tracts (POT), the retino-hypo- 
thalamic tract (RHT), the inferior accessory optic tract 
(IAOT), or the superior accessory optic tract (SAOT). The 
groups received the following treatment: 

Intact (n=5; male). Intact rats were prepared for elec- 
trophysiological recording as described above. 

POT lesion (n=6; male). Two lesions, one 1.0 mm dorsal 
to the other, were aimed at each primary optic tract anterior 
to lateral geniculate using stainless steel electrodes. For this 
and all other groups the incisor bar was 5.0 mm above the 
interaural line, anterior (A) coordinates were measured from 
bregma, lateral (L) coordinates from the midsagittal fissure, 
and ventral (V) coordinates from dura. For POT lesions, the 
coordinates were (A) —1.6 mm, (L) +3.7 mm, and (V) 5.5 
mm, 6.5 mm. A 1.5 mA DC was passed for 15 sec at each 
lesion site. This procedure destroyed both the POT and the 
SAOT, since the SAOT is not anatomically separate from the 
POT until the level of the brachium of the superior colliculus. 

DTNILTN lesion (n=6; male). In order to distinguish ef- 
fects in the POT lesion group due to primary optic tract 
ablation from those due to SAOT ablation, a group receiving 
selective destruction of the SAOT was studied. This group 
received bilateral lesions aimed at DTN and LTN. This ma- 
nipulation also destroyed SAOT input to MTN, since the 
SAOT projection to MTN are fibers en passage with the 
SAOT projections to DTN and LTN, and would have been 
transected by the DTN/LTN lesions. The primary optic pro- 
jections, however, would be spared by these lesions. Stain- 
less steeel electrodes were used; lesion coordinates for DTN 
were (A) —4.6 mm, (L) +3.0 mm, (V) 5.6 mm, and for LTN, 
(A) —4.2 mm, (L) +3.5 mm, (V) 6.5 mm. A 1 mA DC was 
passed for 10 sec at each lesion site. 

MTN lesion (n=7; ovx female). Two bilateral lesions were 
aimed at the medial terminal nucleus of the accessory optic 
system using tungsten electrodes. The electrode was low- 
ered at a 30° angle from verticle to maximize destruction of 
the nucleus. Lesion coordinates were (A) —2.7 mm, (L) +4.8 
mm, and (V) 7.1, 7.6 mm. A 1.5 mA DC was passed for 10 
sec at each lesion site. MTN is the sole known termination 
site of the I[AOT, but the SAOT projects to MTN as well as 
DTN and LTN. Thus MTN lesions eliminate both the IAOT 
and those SAOT fibers which project to it. SAOT input to 
DTN and LTN is left intact following MTN lesions. 

SCN lesion (n=9; male). Bilateral lesions were aimed at 
the suprachiasmatic nuclei using tungsten electrodes. Lesion 
coordinates were (A) +1.5 mm, (L) +0.2 mm, and (V) 8.4 
mm. Current parameters were 1.5 mA DC for 15 sec. This 
procedure resulted in ablation of the retinohypothalamic 
tract. 


Electrophysiological Recording 


Electrophysiological records of EEG, EMG, and cortical 
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FIG. 1. Camera lucida drawings of representative lesions from experimental groups. Upper sections are more rostral. Shaded areas cover the 
lesion site and blackened areas represent gliosed tissue. (a) Primary optic tract lesion. (b) Dorsal and lateral terminal nuclei lesions. (c) Medial 
terminal nucleus lesion. (d) Suprachiasmatic nucleus lesion. Abbreviations: A—arcuate nucleus; AC—anterior commissure; CP—cerebral 
peduncle; IC—internal capsule; [P—interpeduncular nucleus; MB—mammillary body; MG—medial geniculate; OC—optic chiasm; P—pons; 
RN—red nucleus; SC—superior colliculus; SN—substantia nigra; SON—supraoptic nucleus; VMH—ventromedial hypothalamus. 


temperature were made with a Grass EEG/Polygraph (Model 
79) at a paper speed of 50 mm/min. The rats were placed in 
the recording chambers and the recording cable was con- 
nected two days prior to recording to allow habituation to the 
apparatus. Recordings were obtained for two rats simulta- 
neously for four consecutive days beginning at 0800 on day 
1. During the habituation period and days | and 2 of record- 
ing the animals were under either LD 10:14 (Intact, POT 
groups) or LD 12:12 (MTN, DTN/LTN, SCN groups) with 
lights on at 0800. All groups were placed on LD 0.5:0.5 (30 
min light-30 min dark) during recording days 3 and 4. Equip- 
ment was serviced twice daily at 0800 and 1930. 


Histology 


At the end of the experiment, all animals with lesions 
were perfused intracardially with 0.9% saline followed by 
10% Formalin. Frozen sections were cut at 40 wm and 
stained with cresyl violet for microscopic examination. 


Data analysis 


The daily records for each subject were divided into 
12-min segments. Each segment was visually scored to the 
nearest 0.5 min for the number of minutes spent in arousal 
(low amplitude EEG, high amplitude EMG), SWS (high am- 
plitude EEG, low amplitude EMG), and REM sleep (low 
amplitude EEG, flat EMG, immediate rise in cortical tem- 
perature). The values from the 12-min periods were used to 


compute daily amounts of each arousal state occurring in the 
light and in the dark. 

Two-tailed Mann-Whitney U tests were used to test 
between-group differences. 


RESULTS 
Histology 


POT lesions. In all 6 animals in the POT group, the pri- 
mary optic tracts were bilaterally ablated rostral to LGN. 
Figure la shows a representative POT lesion from this exper- 
iment. The location and extent of the lesions were similar in 
all the animals; differences occurred primarily in the rostro- 
caudal point at which the tracts were completely transected. 
In general, the lesions were quite large in their rostro-caudal 
extent, but medio-laterally were confined within the medial 
portion of the internal capsule and the lateral thalamus. In all 
animals neural damage extended to all or large portions of 
both dorsal and ventral lateral geniculate. 

DTNILTN lesions. DTN and LTN were bilaterally ab- 
lated in 5 of the 6 animals in the DTN/LTN lesion group. In 
one animal, portions of both DTN and LTN remained intact 
unilaterally, and this animal was not included in group 
analysis. In every case, extensive bilateral damage was in- 
curred to the medial geniculate, sometimes resulting in 
complete lesion of this structure. The DTN lesions often 
extended to the ventrolateral corner of superior colliculus, 
but by and large the colliculi were left intact by the lesions. 
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FIG. 2. Average number of minutes of SWS (O--O) and REM sleep 
(@—@) occurring during each half hour for a 24-hr period under LD 
10:14 (upper panel) and LD 0.5:0.5 (lower panel) in intact animals. 
For both LD cycles, the 24-hr period for which the data are shown is 
the middle 24 hrs of the 48-hr recording period in each LD cycle. 
Dark bars along the abcissa indicate the periods of darkness. 


The electrode penetrated the brachium of the superior col- 
liculus in a small number of the lesions, but clearly never 
completely transected it. Three sections from a representa- 
tive DTN/LTN lesion are shown in Fig. 1b. 

MTN lesions. Six of the 7 subjects in the MTN group 
received lesions which bilaterally ablated the LAOT and ros- 
tral portions of MTN. In most cases the caudal and most 
dorsal portions of MTN were spared by the lesions; the re- 
maining MTN tissue was usually gliosed. In a few animals, 
there was unilateral medial forebrain bundle (MFB) damage, 
but there were no lesions which resulted in bilateral MFB 
ablation. The other animal in the MTN group had only a 
unilateral IAOT/MTN lesion; its data are not included in 
MTN group results. Fig. Ic shows three sections from a 
representative MTN lesion. 

SCN lesions. Eight of the 9 subjects in the SCN group 
received complete bilateral SCN lesions. Varying amounts 
of optic chiasm damage occurred as a result of these lesions. 
It was difficult to assess on the basis of Nissl stains the 
proportion of optic fibers that were ablated. The optic tracts 
caudal to the chiasm were noticeably gliosed in only 2 of the 
cases with complete SCN lesions. Figure 1d shows sections 
from an SCN lesion which resulted in moderate damage to 
the chiasm. 

Of the 8 animals with complete SCN lesions, 4 behaved as 
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TABLE 1 


MEAN PROPORTION (+SEM) OF DAILY SWS AND REM SLEEP 
OCCURRING IN THE DARK UNDER BASELINE 
LD CYCLE AND LD 0.5:0.5* 





LD 0.5:0.5 
SWS REM Sleep 


Baseline LD 


SWS REM Sleep 





37.4 49.8 42.4 91.0 
+2.9 +5.5 +2.4 #2.$ 
POT 34.9 28.7 48.1 62.8 

+1.6 #33 +1.6 +2.7 
DTN/LTN 31.9 44.1 44.5 84.0 
+2.5 +3.2 +1.9 +4,7 
34.2 60.2 42.3 97.7 
+1.8 +7.4 +0.9 +0.8 
SCN 50.5 62.2 47.6 86.0 
+0.9 +6.0 +0.7 +4.6 


INTACT 


MTN 





*Ratios were computed for each recording day by the formula 
(min/hr in D) / (min/hr in D + min/hr in L). The ratios obtained from 
the two days under each LD cycle were averaged. 


intact rats under short LD cycles, and 4 exhibited an at- 
tenuated or no response to the short LD cycles. Since com- 
plete SCN lesions were common to all animals, the variabil- 
ity in response is most likely attributable to varying degrees 
of optic tract damage resulting from the lesions. All data in 
figures which show SCN group results are based on averages 
of the 4 animals which showed normal responses in LD 
0.5:0.5. The data for the other subjects in the SCN group 
with bilateral lesions are presented separately in tabular 
form. 


Sleep Patterns in Baseline LD Cycle 


In intact rats, the light-dark distributions of SWS and 
REM sleep are dissociated under the 24-hr LD cycle. SWS 
occurs primarily in the light period while REM sleep is al- 
most evenly distributed between the light and dark periods 
(Fig. 2, upper panel; Table 1). These results are also in 
agreement with a previous report that peak amounts of SWS 
occur early in the light period, while time spent in REM sleep 
is relatively small just after lights-on, and gradually increases 
throughout the light period [3]. This same general pattern of 
sleep is observed in rats with DTN/LTN lesions (Fig. 4, 
upper panel; Table 1). POT lesions do not alter the LD dis- 
tribution of SWS, but do result in a redistribution of REM 
sleep so that it follows closely that of SWS and occurs pre- 
dominantly during the light period (Fig. 3, upper panel; Table 
1). MTN lesions do not alter the LD distribution of SWS, but 
result in a higher proportion of REM sleep occurring during 
the dark (Fig. 5, upper panel; Table 1). Following SCN le- 
sions, the LD distribution of both SWS and REM sleep are 
different from that of intact animals. SWS is evenly distrib- 
uted between the light and dark periods, while REM sleep 
occurs predominantly in the dark (Fig. 6, upper panel; Table 


1). 


Sleep Patterns in LD 0.5:0.5 
Exposure of intact rats to LD 0.5:0.5 dramatically 
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FIG. 3. Average number of minutes of SWS (O- -O) and REM sleep 
(@—@) occurring during each half hour for a 24-hr period under LD 
10:14 (upper panel) and LD 0.5:0.5 (lower panel) in the POT lesion 
group. See Fig. 2. for further details. 


changed the LD distribution of REM sleep. Almost all REM 
sleep occurred within the short dark periods (Fig. 2, lower 
panel; Table 1). None of the visual system lesions abolished 
this response to the short LD cycle (Figs. 3-6, lower panel; 
Table 1). Short dark period enhancement of REM sleep was 
least pronounced in rats with POT lesions (Fig. 3, lower 
panel); however, even under the baseline LD cycle, very 
little REM sleep occurred during darkness, particularly in 
comparison with the other groups. MTN lesions enhanced 
the influence of short dark periods on REM sleep (cf. Fig. 2 
and 5 lower panel). In several rats with MTN lesions, no 
REM sleep at all occurred during the light on one or both 
days of LD 0.5:0.5. This absolute exclusion of REM sleep 
from the light periods was not observed in any of the other 
animals in the experiment. It is interesting to note a superim- 
posed circadian rhythm of short dark period enhancement of 
REM sleep in the Intact, POT, DTN/LTN, and MTN groups 
(Fig. 2-5, lower panel) which is absent in the SCN group 
(Fig. 6, lower panel). 

The short light periods had a slight stimulatory effect on 
SWS in intact animals (Fig. 2, lower panel; Table 1) which 
was not altered by any of the visual system lesions (Fig. 3-6, 
lower panel; Table 1). 

Within-group variability of responses to the short LD cy- 
cles was small in all groups except for the SCN group, as 
noted in the Histology Section. The average proportion of 
SWS and REM sleep occurring in the dark for the two days 
in LD 0.5:0.5 are given for individual subjects in the SCN 
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FIG. 4. Average number of minutes of SWS ( ) and REM sleep 
(@—@) occurring during each half hour for a 24-hr period under LD 
12:12 (upper panel) and LD 0.5:0.5 (lower panel) in the DTN/LTN 
lesion group. See Fig. 2 for further details. 


group in Table 2. The first 4 subjects listed are those which 
were used in group data analysis. The proportion of daily 
SWS occurring in the dark was relatively similar in all the 
SCN animals; this was true for both SWS and REM sleep in 


LD 12:12. Thus, the differential sensitivity of the SCN 
animals to LD cycles is apparent only in the effects of short 
LD cycles on REM sleep distribution. As stated previously, 
the variability is presumably due to differences in the amount 
of optic fiber damage resulting from the SCN lesions. 

The average total number of minutes of sleep per day 
(+SEM) in baseline LD and LD 0.5:0.5 is shown for each 
group in Fig. 7. The lines in the histograms divide the sleep 
time into SWS (upper portion) and REM sleep (lower por- 
tion). There were no between-group statistical differences in 
total sleep time during either LD cycle. However, during the 
baseline LD cycle, the total daily minutes of REM sleep 
were lower in the MTN group than in the Intact, POT, and 
SCN groups (p<0.1), although minutes of SWS were not 
different among the groups. During LD 0.5:0.5, only the 
MTN and POT groups differed in minutes of SWS and REM 
sleep. Minutes of SWS were significantly higher (p><0.05) 
and minutes of REM sleep were significantly lower (p<0.01) 
in the MTN group when compared with the POT group. 


DISCUSSION 


The results obtained under baseline LD conditions indi- 
cate that the circadian rhythm of SWS was entrained to the 
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FIG. 5. Average number of minutes of SWS (O- -O) and REM sleep 
(@—@) occurring during each half hour for a 24-hr period under LD 
12:12 (upper panel) and LD 0.5:0.5 (lower panel) in the MTN lesion 
group. See Fig. 2 for further details. 


LD cycle in animals in the Intact, POT, DTN/LTN, and 
MTN groups. About 30-40% of daily SWS occurred during 
darkness in these groups; this is comparable to other reports 
of the LD distribution of SWS in intact rats under circadian- 
length LD cycles [12,29]. In contrast, equal amounts of SWS 
occurred in the light and dark in the SCN group, indicating 
lack of entrainment to the LD cycle and probably elimination 
of the circadian rhythm of SWS [12,13]. These results are in 
agreement with other studies showing that entrainment of 
circadian rhythms is maintained following primary or ac- 
cessory optic system ablation and is abolished only by abla- 
tion of the retinohypothalamic projection to the SCN [8, 12, 
21, 30). 

The LD distribution of REM sleep under baseline LD 
cycles is interesting in several respects. First, the occurrence 
of REM sleep in the dark was proportionally higher than that 
for SWS in the Intact and DTN/LTN groups. This suggests 
that the entraining effects of light are different for the two 
sleep states. Second, the proportions of SWS and REM sleep 
occurring in the dark were nearly identical in the POT group, 
suggesting that the differential sensitivity of SWS and REM 
sleep to light observed in the Intact and DTN/LTN groups 
was abolished by POT lesions. In contrast, this differential 
sensitivity was apparently enhanced by MTN lesions, since 
the occurrence of REM sleep in the dark was even greater in 
the MTN group than in Intact and DTN/LTN animals, while 
the amount of SWS occurring in the dark remained low fol- 


SISK AND STEPHAN 





SCN (n=4) LD 12:12 
43 


tw 
oO 


fe) 
oO SWS (min) 


@*© REM Sleep (min) 











@e REM Sleep (min) 

















Time of 


FIG. 6. Average number of minutes of SWS (O- -O) and REM sleep 
(@-—@) occurring during each half hour for a 24-hr period under LD 
12:12 (upper panel) and LD 0.5:0.5 (lower panel) in the SCN lesion 
group. See Fig. 2 for further details. 


lowing MTN lesions. Third, the proportion of REM sleep 
occurring in the dark in the SCN group was unexpectedly 
high. However, there are other reports that REM sleep is 
still susceptible to modulation by light and dark following 
SCN deafferentation [29] or SCN lesions [38]. SWS was 
evenly distributed between the light and dark periods follow- 
ing SCN lesions (Table 1). This further supports the idea that 
light affects SWS and REM sleep in different fashions. The 
nocturnal occurrence of REM sleep under LD 12:12 was 
equivalent in the SCN and MTN groups. Since optic chiasm 
damage is an unavoidable consequence of SCN lesions, and 
since not every SCN animal exhibited highly nocturnal REM 
sleep, it is possible that IAOT damage is responsible for the 
enhanced nocturnality of REM sleep in both the SCN and 
MTN groups. 

The dark-time occurrence of REM sleep was dramatically 
increased in all groups when lighting conditions were 
changed to LD 0.5:0.5. The most obvious difference among 
the groups is the lower absolute proportion of dark-occurring 
REM sleep in the POT group (Table 1) which resulted from 
the fact that relatively large amounts of REM sleep still oc- 
curred during the light periods, even though REM sleep in- 
creased in almost every half hour of dark (Fig. 3, lower 
panel). It should be noted that even under baseline LD con- 
ditions, POT lesions resulted in a greater proportion of REM 
sleep occurring in the light. Therefore, when baseline distri- 
butions are considered, the transfer to LD 0.5:0.5 resulted in 
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TABLE 2 


PROPORTION OF SWS AND REM SLEEP OCCURRING IN THE DARK 
UNDER LD 0.5:0.5 FOR INDIVIDUALS IN THE SCN GROUP* 





Subject* SWS REM Sleep 





13 0.47 0.97 
15 0.47 0.79 
0.47 0.81 
0.50 0.87 
0.49 0.63 
0.49 0.61 
0.51 0.52 
0.53 0.52 





*Ratios were computed as in Table 1. 
*Data from the first four subjects were used for group analysis. 


equivalent net changes in the dark-time occurrence of REM 
sleep in all groups. 

There was a slight trend toward increased total sleep time 
in all groups except the SCN group following the change 
from baseline LD to LD 0.5:0.5 (Fig. 7). However, neither an 
increase in total SWS nor total REM sleep is a requisite for 
demonstration of enhanced nocturnal REM sleep in LD 
0.5:0.5, since it was observed in groups in which REM sleep 
(Intact, DTIN/LTN, SCN), or SWS (POT) either decreased 
or remained unchanged. Thus, the effect of short LD cycles 
is one of a redistribution of a constant amount of sleep within 
the 24-hr period rather than one of an increase in total daily 
REM sleep occurring selectively in the dark. 

The results of this experiment suggest that none of the 
presently known retinal projections is singly responsible for 
mediation of the dark enhancement of REM sleep caused by 
short LD cycles, since selective ablation of either the POT, 
RHT, IAOT, or SAOT does not abolish the effects. The only 
group in which there were animals which did not respond at 
all to the short LD cycle was the SCN group. However, 
there were 4 rats with complete bilateral SCN lesions which 
clearly exhibited the dark enhancement of REM sleep in LD 
0.5:0.5, indicating that the RHT is not necessary for media- 
tion of this affect of light. The variability of responses in the 
SCN group is most parsimoniously explained by the varying 
degrees of optic chiasm damage which are inevitable with 
SCN lesions. The results from the MTN and DTN/LTN 
groups show that integrity of the accessory optic system is 
not required for short dark period enhancement of REM 
sleep. In fact, the phenomenon is even more striking follow- 
ing MTN lesions. This effect of MTN lesions may be at- 
tributable to IAOT damage or a combination of I[AOT and 
SAOT damage, but is not a function of SAOT damage alone, 
since the DTN/LTN group behaved as intact animals and not 
as animals with MTN lesions. The only known efferents of 
the mammalian MTN project to the vestibular cerebellum 
[37], so it is not clear by what neural route photic input to 
MTN reaches the neural mechanisms controlling the timing 
of REM sleep. 

POT lesions proved to be most detrimental to the effects 
of short LD cycles on REM sleep. The dark enhancement of 
REM sleep by short LD cycles is not nearly so striking if 
illumination is dim during the light periods [24]. Perhaps the 
attenuated response observed in the POT group reflects the 
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FIG. 7. Average minutes (+SEM) of total sleep per day for each 
group under baseline LD cycle (white bars) and under LD 0.5:0.5 
(stippled bars). The horizontal line through each bar divides total 
sleep time into SWS (upper portion) and REM sleep (lower portion). 
There were no significant group differences in total sleep time under 
either LD cycle. 
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reduced neural input in a fashion similar to perceived low 
light intensity. In addition, a disruption of response to light 
might not be unexpected following removal of such a large 
proportion of retinal projections. A general debilitation of 
the entire visual system could occur through processes such 
as retrograde degenerative changes in POT axon collaterals 
to other visual structures. Another alternative is that POT 
lesions may abolish inhibitory effects of light on REM sleep 
independently of the mechanisms related to dark enhance- 
ment of REM sleep. REM sleep is increased during almost 
every short dark period in the POT group (Fig. 3, lower 
panel); the main difference between the POT group and the 
other groups is that much more REM sleep occurs during the 
short light periods in the POT group. Another possibility is 
that POT lesions decrease the dissociability of SWS and 
REM sleep so that given large amount of SWS occurring 
during light, a certain amount of REM sleep will of necessity 
occur in association with the SWS. Such a possibility is sup- 
ported by the LD distributions of SWS and REM sleep ob- 
tained under baseline LD cycles. On those days, the POT 
group was the only group in which equal relative proportions 
of SWS and REM sleep occurred in the dark—all other 
groups showed moderate to substantial dissociation of SWS 
and REM sleep. 

The findings that none of the known retinal projections 
uniquely mediates dark enhancement of REM sleep raises 
several possibilities regarding the central neural basis for the 
alteration of sleep patterns by ultradian-length LD cycles. 
First, some presently unknown retinal projection may 
mediate the dark enhancement of REM sleep. This is an 
attractive hypothesis in light of recent anatomical evidence 
for a retino-raphe projection in the cat [10]. Such a projec- 
tion, if present in the rat, would be a likely mediator of 
light-dark influences on sleep and wakefulness. It can be 
concluded from the present experiment, however, that if a 
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retino-raphe projection in the rat does mediate dark 
enhancement of REM sleep, it must not travel with any of 
the known retinal projections en route , at least at the level of 
the lesion sites in this experiment. The results of recent 
anatomical studies suggest that it may not be uncommon for 
retinal ganglion cells to send axon collaterals to more than 
one projection site [19, 20, 37]. It has also been shown that 
dendrites of lateral hypothalamic neurons extend into and 
synapse on the primary optic tracts [9]. These two findings 
allow for a large number of possible sites of interaction be- 
tween the visual system and the hypothalamus which may 
not be disturbed by the lesions made in this experiment. 

Second, it might be that the various visual pathways are 
redundant in their ability to mediate short LD cycle influ- 
ences on sleep. The extent to which REM sleep is enhanced 
by short dark periods would in this case depend on the abso- 
lute number of functional retinal axons. This could explain 
the variability of responsiveness of the SCN group to short 
LD cycles since the degree of optic chiasm damage varied 
among the animals. In addition, the dark enhancement of 
REM sleep was least pronounced in the POT group, in which 
the lesions ablated a greater percentage of retinal efferents 
than the MTN, DTN/LTN, and some SCN animals. How- 
ever, the fact that the effect of short LD cycles can actually 
be enhanced by destruction of a small specific set of retinal 
fibers (MTN lesion) argues against a general mass action 
hypothesis. 

Third, dark enhancement of REM sleep may be hormon- 
ally rather than neurally mediated. The pineal gland is appar- 
ently not involved in the action of short LD cycles on sleep 
[14], but the role of the pituitary gland is still under debate. 
Hypophysectomy has been reported both to have no effect 
on short dark period enhancement of REM sleep [35] and 
also to abolish it [32]. Even if dark enhancement is mediated 
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by hypothalamic or pituitary hormones, the neural route by 
which light information reaches hormone-secreting neurons 
is still in question. Serotonin and melatonin, two substances 
known to affect sleep and wakefulness [22,36] are found in 
the retina [6, 11, 34], and it is possible that light could di- 
rectly alter concentrations of these substances in the retina, 
causing subsequent changes in concentrations in the nervous 
blood supply or cerebrospinal fluid. However, it is unlikely 
that these or other retinal hormones mediate short dark 
period enhancement of REM sleep since REM sleep is often 
triggered within a minute after lights-off, and hormonally 
mediated events usually do not occur within that time span. 
While it still remains a question as to which retinal pro- 
jections mediate dark period enhancement of REM sleep in 
short LD cycles, the present results do suggest that entrain- 
ment of sleep-wake patterns by LD cycles in the circadian 
range and by LD cycles in the ultradian range are under 
separate neural control by the central visual system. The 
retinohypothalamic projection which mediates circadian 
entrainment appears not to mediate effects of ultradian- 
length LD cycles. Future experiments may determine 
whether presently unknown retinal inputs to the nervous 
system are involved in dark enhancement of REM sleep in 
short LD cycles, or whether the well-known primary, ac- 
cessory, and retinohypothalamic optic systems all normally 
participate in the mediation of this phenomenon. 
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JOUHANEAU, J. AND J. LE MAGNEN. Meal related effects of IV glucose, glucagon and insulin on blood glucose 
level: Role in glucoregulation exhibited by self-injecting rats. PHYSIOL. BEHAV. 29(2) 241-244, 1982.—In previous 
works, it was demonstrated that rats self-injected with (IV) glucose, insulin and/or glucagon and that the self-administration 
pattern was related to the meal. It was suggested that the different preprandial or postprandial blood glucose level (B.G.L) 
determinated the meal and were dependent on it. Previously self-injected amounts of glucose, glucagon and insulin were 
here injected by an automatic device and their effect on B.G.L. were compared in the post and preprandial conditions. 
Results indicated that the effects of insulin, glucagon and glucose on B.G.L., which were different during the postprandial 
hyperglycemia compared to the preprandial normoglycemia, accounted for the different self-injection patterns. Further- 
more successive injection of glucose and insulin or glucagon and insulin suggest that rats, by pressing alternatively two 
levers performed a regulatory correction of variations of their B.G.L. It is concluded that rats may learn to perform a 
behavioral regulation of their B.G.L. by IV self-injections of glucose and glucoregulatory hormones. 


Glucose Glucagon Insulin 


Blood glucose level 





PREVIOUS works have shown that when rats were offered 
to press one lever to obtain intravenous insulin or glucagon, 
they readily learned to perform a sustained self-injection of 
insulin but not of glucagon [1,2]. When presented with two 
levers simultaneously, one of them delivering insulin (IV) 
and the other one delivering either glucagon (IV) or a glucose 
solution (IV or IG), rats exhibited a specific response pat- 
tern, according to the pair of self-injected solutions [2,3]. 
The amounts self-injected and the temporal patterning of 
self-injections of glucagon or insulin alone as well as the 
response pattern to insulin paired with glucagon or glucose 
suggested that rats performed a behavioral regulation of their 
blood glucose level through a learned behavioral response of 
lever pressing. 55% of insulin, when presented alone, was 
self-injected during the 20 min following the end of a meal 
versus 23% during the 20 min preceeding meals. When insu- 
lin was paired either with glucose or with glucagon, the ratio 
of insulin to glucose or glucagon, was very low before the 
meal, and very high at the time of postprandial 
hyperglycemia. Food deprivation considerably reduced the 
insulin/glucose ratio below the minimal level observed be- 
fore the meal in fed rats. In addition, rapid alternate pressing 
on the two levers and the time pattern of such coupled bursts 





Glucoregulation Self injection 


of self-injections suggested that rats had learned to correct 
the hypoglycemia produced by a prior injection of insulin by 
pressing for glucose or glucagon, and vice versa. Such an 
observation leads to the hypothesis that the rat may perform 
a behavioral regulation of its blood glucose level [3]. 

In order to support these suggestions, it was necessary to 
control accurately the direction and amplitude of variations 
in blood glucose which resulted from insulin, glucagon and 
glucose self-injected alone or sequentially. 

It was also necessary to compare these variations during 
the pre and postprandial periods. In the present work, 
changes of blood glucose were examined under glucose, 
glucagon or insulin administered IV immediately after a meal 
or two hours later, at doses equivalent, to the self-injected 
ones. The changes produced by successive injections of two 
solutions which are known to produce opposite effects on 
the basal blood glucose level were also studied. The effect of 
injecting the same doses of glucose and glucagon on the 
postprandial plasma insulin concentration was also meas- 
ured. 


METHOD 


We first attempted to measure blood glucose level by 
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drawing blood samples through the intrajugular catheter 
while rats self-injected glucose, glucagon or insulin via the 
same catheter. These attempts were unsuccessful. The dis- 
turbance created by blood drawing and by presence of the 
Experimenter resulted in a rapid disappearance of self- 
injection behavior. It was thus decided to simulate the self- 
injection conditions by injecting the various agents at the 
same doses and flow-rate as observed in self-injecting 
animals. 

Rats were implanted with two chronic cardiac catheters 
as described elsewhere [2]. Special home cages allowed the 
catheterized rat to move and to eat freely. Food and water 
were available at all times. The feeding pattern was con- 
tinuously recorded by a food-cup weighing device. 


Single Injections 


Injections, blood drawing and glucose analyses were per- 
formed at the beginning of the night (time at which rats of 
earlier studies used to begin self-injections: 8 to 12 p.m.). 
Two types of data were compared: measures obtained during 
the postprandial period that is to say from 5 min after the end 
of a meal, and measures obtained under extraprandial con- 
ditions, that is to say two hours after the end of a meal. In the 
latter condition, the normal duration of meal to meal inter- 
vals, allowed us to assume that the animals were in—or close 
to—a preprandial period. The four solutions injected were: 
NaCl: 0.1 ml; insulin: 0.5 I.U. in a solution of 5 I.U. per ml; 
glucose: 5 mg from a 5% glucose solution; glucagon: 2ug 
from a solution of 40 g/ml. The solutions were injected at a 
same flow rate of 0.25 ml per min, identical to that used in 
the self-injection paradigm. The first blood sample (0.15 ml) 
was taken at the time 0. This first sampling was immediately 
followed by an injection. Blood samplings were then per- 
formed at 3, 8, 14 and 20 min after the injection (ts, t,, t,, and 
too). Immediately after sampling, blood glucose was deter- 
mined using the glucose oxidase method (Technicon auto- 
analyzer). During the postprandial period, only one blood 
sample of 0.3 ml/rat (rather than 0.15) was taken at either t,, 
t,4 OF ty49, depending on the rats. These extra-samples were 
used to measure the plasma insulin concentration (radio- 
immuno-assay: CEA). 


Successive Injections of Two Solutions 


The procedure was identical to the preceeding one until 
the time t,. A second solution was administered immediately 
after the third blood sampling. Three further blood samples 
were taken 3, 6 and 9 min after the second injection (t,», t,; 
and t,,). As above these injections were made at the begin- 
ning of the night but limited to the postprandial period. The 
paired solutions were: insulin and glucose (same doses as 
above) (insulin first: N=2; glucose first: N=2); insulin and 
glucagon (insulin first: N=2; glucose first: N=2). 


RESULTS 
Single Injection 


Blood glucose level (BGL) at t=t). Glycemia at time zero 
was different according to the prandial situation of the rat. 

In extraprandial periods, the mean BGL was 9723.3 
mg/100 ml of whole blood in 19 animals weighing 311.5+3.5 
g. Five minutes after the end of a meal (2.1+0.2 g), this level 
was 118+4 mg/100 ml in 19 animals weighing 312.4+2.5 g. 

The difference between extra and postprandial glycemia, 
at ty was significant (¢=3.61 p=0.001). 
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extraprandial B.G.L. (E.P.) 


FIG. 1. Variations of Blood Glucose Level after an IV injection of 
(a) 0.1 ml NaCl isotonic solution (E.P. N=3; P.P. N=3); (b) 0.5 1.U. 
insulin (E.P. N=5; P.P. N=4); (c) 2ug glucagon (E.P. N=6; P.P. 
N=5); (d) 5 mg glucose (E.P. N=5; P.P. N=7). 


BGL after saline control injections (Fig. 1a). An adminis- 
tration of 0.1 ml of saline solution did not change the level of 
extraprandial glycemia. 

In the post meal situation, the decrease of BGL observed 
after injection of NaCl reflected the normal postprandial fall 
of BGL. 

BGL after insulin (Fig. 1b). The decrease of BGL follow- 
ing an injection of 0.5 I.U. of insulin was of the same order of 
magnitude in the two situations: the decay was more rapid 
when the injection occurred after the meal but the difference 
was not significant. 

In the two conditions, the minimum was reached at t,,. At 
this time, the decrease in BGL represented 46 to 48% of the 
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TABLE 1 


INSULINEMIA (xU/ml OF PLASMA) OBSERVED 8, 14 AND 20 MIN 
AFTER A SINGLE INJECTION OF NaC_, GLUCAGON AND GLUCOSE 
(POSTPRANDIAL ADMINISTRATION) 





Injection too 





NaCl 
0.1 ml 


Glucagon 


2 ug 


Glucose 
5 mg 





initial level respectively. The absolute level remained differ- 
ent according to the prandial situation. 

BGL after glucagon (Fig. 1c). The administration of 2 ug 
of glucagon induced an important increase of BGL. Two 
hours after a meal, a maximum of 70% of the initial level was 
observed at t,. When the injection occurred 5 min after a 
meal, the increase at t, was only 36% and the maximum 
occurred at t,, (46%). 

The difference between the increase rates in the two 
situations was significant (Mann Whitney: U=1, p=0.01). 

BGL after glucose (Fig. 1d). After an injection of 5 mg of 
glucose, the rapid increase of BGL was not different within 
or after the postprandial period. In the two cases, the 
maximum was observed at t, (13% postprandial; 24% extra- 
prandial), but the glycemia was probably more important just 
after the administration. 

Insulinemia. Blood insulin level was measured after a 
postprandial injection of NaCl, glucagon or glucose. The re- 
sults are shown in Table 1. They emphasize the fact that, at 
doses selected previously, only glucagon induced an impor- 
tant increase of plasma insulin concentrations. 


Successive Injections of Two Different Solutions (Fig. 2) 


When insulin was injected after an initial administration 
of glucagon or glucose, the total decrease of BGL was more 
important than the initial increase due to the first solution. 

After an initial injection of insulin, glucose did not com- 
pensate for the original decrease in BGL. 

Conversely, glucagon corrected this decrease 5-6 min 
after its administration. 

The four situations observed lead to the conclusions that: 
-The effects of 0.5 I.U. of insulin and 2 yg of glucagon com- 
pensated each other independently of the order of injections. 
-Conversely, insulin induced hypoglycemia was partly cor- 
rected by a subsequent injection of glucose and was not pre- 
vented by a pre-existing glucose-induced hyperglycemia. 


DISCUSSION 


The differences in blood glucose level at 5 min after a 
meal or two hours later, under control conditions or after 


Blood Glucose level (mg/100mi) 
140 > 
120 
100 = 
80 - 


60 + glucose Insulin 


Insulin glucose 


glucagon 


Insulin glucagon 


~ a + - . + 


te) 3 8 12 15 18 = =min. 


FIG. 2. Variations of Blood Glucose Level induced by two succes- 
sive injections of: 0.5 I.U. insulin and 5 mg glucose; 0.5 I.U. insulin 
and 2 wg glucagon; (individual values). 


NaCl, confirm the classic results about postprandial 
hyperglycemia and intermeal (basal) normo glycemia. 

A constant level of blood glucose was observed over the 
20 min of the extraprandial test. During the same time in the 
postprandial test, blood glucose concentrations returned to 
the basal intermeal level exhibiting a 20% decrease. The per- 
cent decrease in B.G. induced by an IV injection of 0.5 I.U. 
of insulin (equivalent to that spontaneously self-injected) 
was identical during the post and preprandial phases. In both 
cases, minimal hypoglycemia was reached 14 min postinjec- 
tion. The difference in the absolute value of hypoglycemia 
induced in the two phases was thus maintained. Therefore, a 
dose of insulin self-injected during the preprandial period 
induced a 20% lower B.G.L. than the same dose self-injected 
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after the meal. This may be why insulin was self-injected 
predominantly after the meal, either alone or followed by 
glucose or glucagon. 

Large increases in B.G.L. were induced by injections of 2 
wg of glucagon. Again the magnitude of the increase was 
different in the pre and postprandial periods. The percent 
increase was twice as large in extraprandial (70%) as in 
postprandial (36%) conditions. In the latter case, endogenous 
insulin secretion induced by postprandial hyperglycemia 
could be a cause of the reduced effect of exogenous glu- 
cagon. After administration of glucagon, maximal 
hyperglycemia was reached at 8 min and 14 min post- 
injections during the pre and postprandial periods re- 
spectively. During the postprandial period, it was observed 
that glucagon induced important hyperglycemia and 
hyperinsulinemia. 

These effects of glucagon may explain the fact that rats, 
offered to self-inject glucagon alone, failed to learn the 
lever-press response for this solution. The aversiveness of 
such an injection was presumably due to the aversiveness of 
induced-hyperglycemia. 

At this point, the comparison between self-injections of 
insulin on glucagon alone leads to the conclusion that the 
reduction of hyperglycemia, observed after the injection of 
insulin, acted as a positive reinforcement of lever-pressing, 
and was more powerful after the meal than before it, while 
the hyperglycemia induced by self-injection of glucagon was 
aversive at all times. 

An IV injection of glucose produced only a moderate and 
transient increase in B.G. The maximal level was recorded 
immediately after the injection (2 min). Theoretically, the 
dilution of this dose in the glucose space should have lead to 
a 10% increase. The observed values were larger and again 


different during the post and preprandial periods: 24 and 13% 
respectively. 

This amount of glucose self-injected before a meal 
produced an increase in B.G. up to the level physiologically 
observed after the meal. 
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The results of coupled injections: insulin and glucagon or 
insulin and glucose, are instructive and are, generally, con- 
sistent with the notion of a correction by the latter self- 
injected solution of the deviation of B.G. induced by the first 
one. In paired injections of insulin and glucagon, the fall of 
B.G. induced by insulin when injected first was closely com- 
pensated by a subsequent 2 yg injection of glucagon. Nor- 
moglycemia was reestablished after 8 min. When glucose 
rather than glucagon was injected after insulin, the correc- 
tion was more rapid but limited. At 8 min postinjection, glu- 
cose did not compensate for the preexisting hypoglycemia. 
However, the time elapsed between self-injections of insulin 
and glucose was 3 min on the average. Considering the 
time-course of the succession of insulin and glucose or insu- 
lin and glucagon, complete compensation, that is to say, a 
return to normoglycemia would occur with glucose as well as 
with glucagon. 

When glucagon was first injected, the subsequent injec- 
tion of insulin compensated for the glucagon induced 
hyperglycemia. However, the time course of coupled burst 
of glucagon-insulin self injections shows that the shift to the 
insulin level occurred 3 to 4 min after the glucagon self- 
injection, at a time when B.G. increased by 10-15% in the 
postprandial period and by 25% in the preprandial phase. 
The fact that 82% of self-injections of glucagon after a meal 
were followed immediately (3 to 4 min) by a self-injection of 
insulin can be interpreted as a counter-regulatory reaction to 
glucagon induced hyperglycemia during this period. On the 
other hand, insulin injected after glucose produced over 
compensation during the two periods. 

Altogether changes of blood glucose and insulin levels 
observed after single as well as paired injections support 
quantitatively the previous suggestion that rats by self- 
injecting glucose, insulin and glucagon perform a behavioral 
glucoregulation. 
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BROOKE, J. D., A. CHAPMAN, L. FISCHER AND P. ROSENROT. Repetitive skill deterioration with fast and 
exercise-lowered blood glucose. PHYSIOL. BEHAV. 29(2) 245-251, 1982.—Using a computerized system for measure 
ment of the variability of force exerted at 26 points in each pedal revolution during the repetitive habituated task of cycling, 
healthy adult males 6 times performed for 20 minutes, either (a) 3 hours after a meal (fasting) or when so fasted and then fed 
glucose (b) immediately before, or (c) 30 minutes before performance. Both light and moderate workloads were used. As 
expected, blood glucose concentrations fell modestly below basal with exercise under (a) or (c) but not under (b). ANOVA 
of force mean and variability statistics significantly contrasted the 3 treatments, and 2 linear functions from multivariate 
analysis showed (a) and (c) to be significantly different from (b). These two treatments depressing blood glucose were more 
variable in force applied, with altered pattern of average forces, especially for points in the task where changes occurred in 
the force/time relationship. These points may use more immediate feedback correction. Such deterioration of movement 
control has significant applied implications and invites study of its neural aetiology. 


Human Pedal Force Precision Fasting 


WE and others have reported previously [4, 6, 12, 21] that 
moderate loads of exercise modestly depress blood glucose 
(G) concentrations below resting basal values, in three hour 
post-prandial (fasting) subjects. Feeding G half-an-hour be- 
fore exercise initially elevates blood G but end-exercise val- 
ues show an exacerbation of the depression. In contrast, 
dietary G at the start of activity results in blood G maintained 
at the resting basal level. These physiological changes invite 
the question—does this affect behavior? 

There is circumstantial evidence [3] to suggest that such 
metabolic change reduces control of movement in healthy 
adults. Carbohydrate insufficiency has been implicated in 
imprecision of actions of forge workers [7], pilots [16], and 
motorway drivers [9], men starved [18], and people missing 
breakfast [31]. Yet in all cases generalization to healthy 
adults in comparatively natural bodily states is difficult due 
to problems of lack of experimental control, abnormal phys- 
iological states or very grossly scored dependent variables. 

The matter requires sensitive measurements of move- 
ment, preferably from a task which is well habituated, 
adapted for and repetitive. Where successful functioning of 
the intact human system is the goal, understanding about 
intrusion on the control of movement of muscle and joint 
complexes, by exogenous or endogenous interventions, 
clearly is important. (Much modern literature on motor con- 
trol reveals a prior stage of development, with debate about 
isolated movement and e.g., the comparative roles of 
proprioceptors [20,28] and schemas and programs [19, 22, 





Glucose 


Nutrition Motor performance 


29]. Worthy issues, but not contributing currently to the 
needs of the more ecologically based activity identified 
above. For the neurophysiology of movement, similar in- 
ability to make such contribution is quite openly acknowl- 
edged, [8], the complexity of control mechanisms and mul- 
tiplicity of interacting processes still demanding much work 
for clarification). 

To study such a movement complex, we have recently 
developed on-line measurement of the muscle forces applied 
in bipedal work on an ergometer. With a computerized sys- 
tem, calculation is made of the variability of force applied at 
26 points in the revolution of each pedal [5]. (There are neu- 
rophysiological and evolutionary grounds for suggesting that 
transducing force senses a movement variable which has 
primary coding in the human [13, 15, 24]). The system tabu- 
lates, after a number of pedal cycles are completed, (1) the 
mean, (2) the standard deviation and (3) the coefficient of 
variation for the force at each of the 26 points in the pedal 
revolution. Increases in the measures of variation may indi- 
cate decreased neural control. 

That changes in force with the present dietary alterations 
might originate from altered metabolic reserves in the mus- 
cles is not supported by our earlier report that, during such 
tasks at moderate work loads and durations, the mixture of 
metabolic fuel does not appear to alter with change in blood 
G level [4]. Muscle glycogen stores do not appear limited. 
Nor should they, for normal active muscle would have ample 
reservoirs of fats and carbohydrate for such force/time de- 
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mand. A neural basis for changes in force appears more 
likely. 

Using this technique for behavioral analysis and the di- 
etary and exercise regime described above, the hypothesis 
was investigated that the nutritional changes, which lower 
blood glucose comparatively slightly and naturally by com- 
bining exercise and diet, decrease neural control of a repeti- 
tive, habituated task for young men three hours post- 
prandial. 


METHOD 


Six male undergraduate subjects, informed consenting 
volunteers, clinically screened and with body weight per 
height within 20% of mean population values for their age, 
performed six trials. The procedures were approved by the 
University human experimentation committee. All subjects 
stated they were right foot dominant. Each subject was 
tested at the same time of day for each trial with approx- 
imately one week between trials. Subjects were asked to eat 
normally and adequately for three days before a trial, to take 
their latest meal three hours before and to fast subsequently, 
and not to take drugs, including alcohol, in the twenty-four 
hours before a trial. They were also asked to avoid disrupting 
their normal sleep patterns for that twenty-four hour period 
and to avoid very heavy physical activity. 

Each trial involved thirty minutes rest, followed by exer- 
cise pedalling the modified cycle ergometer for twenty min- 
utes. As shown in Fig. 1, exercise involved the moderate 
power output of 150 W in three trials and a lower power 
output of 100 W in three other trials. (Such loads elicited 
approximately 60% and 40% of the maximum capacity to 
uptake oxygen). Pedalling rate during the trials was 60 rpm 
and was displayed to the subjects visually by a speedometer 
needle, which was to be kept by the subjects to as constant a 
dial position as possible. For each workload, trials for three 
different dietary conditions were made: (1) 3'/2 hour post- 
prandial (called ‘‘fasting’’), (2) the fast terminated by inges- 
tion of 100 g G dissolved in 150 ml distilled water and 10 ml of 
lemon juice at the start of exercise and (3) as in (2) but fed 30 
minutes before exercise. Presentation of diets was double- 
blind and ordering across subjects was by randomized Latin 
Square. As shown in Fig. 1, for the 20 minutes of exercise, 20 
samples of force exerted on the pedals were obtained. The 
forces being applied at 26 points equi-distant around the 
pedal revolution of each foot were recorded through strain 
gauges attached to modified pedals on a Monark cycle er- 
gometer. This analogue force signal was digitized with a 
PDP/8E minicomputer (Digital Equipment Corporation) and 
records were stored for 40 revolutions of the pedals. For 
such a sample of 40 cycles, for each of the 26 points in the 
pedal revolution the descriptive statistics for force were cal- 
culated and stored for later inferential statistical analyses. 
These statistical analyses were carried out after online trans- 
fer to an Amdahl VM/470 main-frame computer. The exper- 
iment provided approximately 1.5 10° points of force data, 
with high accuracy and precision as described previously [5]. 

Blood G measurements were made to an accuracy of 
+150 micro mol/l by the hexokinase method [1] from 100 
microliter samples obtained by pricking a warm fingertip. 
Samples were obtained before and after activity. 

Repeated measures split-split-plot analysis of variance 
(ANOVA) was used to assess differences in force param- 
eters. This was done separately (due to computing limits) for 
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FIG. 1. Outline of the experiment. 


the 2 workloads, 2 feet and 3 descriptive statistics (i.e., 12 
ANOVAS in all, one for the low load, left foot, mean forces 
and so on as shown in Fig. 4). Differences in each force 
parameter separately were evaluated between diets, samples 
and pedal positions together with their interactions. As the 
ratio of number of factor levels to subjects was high and as 
independence could not be assumed between levels of the 
last two factors, conservative and normal F tests were 
applied [14]. 

These univariate ANOVAS were followed by multiple 
discriminant function analysis (MDFA), in order to draw to- 
gether in one analysis the differentiations of diets. The 
stepwise procedure in the Statistical Package for the Social 
Sciences [25] was used to select a minimum number of dif- 
ferentiating independent variables from the three statistics 
(Mean, SD, CV) at each of the pedal positions, when the data 
were averaged over sample times, work loads and feet. (The 
use of subjects as their own controls, i.e., repeated meas- 
ures, was ignored for the multivariate approach, resulting in 
the F test being more conservative than the p level set.) The 
effectiveness of reclassifying cases back to levels of the de- 
pendent dietary factor was assessed by applying the raw data 
from the independent variables to the differentiating linear 
functions generated for each case. For all inferential 
analyses, significance was set at the 0.05 level. 


RESULTS 


Blood G values for both exercise loads were similar and in 
Fig. 2 have been combined to show the changes in blood G 
concentration. As can be seen these changes follow the pat- 
tern described earlier, with modest and significant depres- 
sions of basal fasting values after exercise in the unfed state 
and in the state of feeding 30 minutes before exercise. 

Figure 3 shows the average force curve and average of the 
standard deviations for one pedal revolution over all condi- 
tions. Significant results from the separate ANOVAS of 
force parameters are shown in Fig. 4. Boxed values indicate 
significance by both F ratio tests: open figures were signifi- 
cant under only the normal evaluation. In two cases there 
were significant differences between diets, with a further 
seven instances of significant interactions of diets by pedal 
positions. There was some significant interaction of pedal 
positions by samples but no instance of diets interacting with 
sample times. Further, no clear effect of work loads or 
differences between feet in dietary effect could be seen. Ad- 
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FIG. 2. Pre-post blood glucose values from the experiment, set on mean values which 
include within-exercise data from two previous experiments. 
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FIG. 3. Mean force and standard deviations from 6 subjects, both 
feet, two workloads, three diets and twenty minute sample points, 
for each of the 26 positions of pedal rotation over 360° (approx- 
imately 14°/pedal position). 
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TABLE 1 
SUMMARY STATISTICS FOR THE FIRST STEP-WISE MULTIPLE DISCRIMINANT FUNCTION ANALYSIS 





Analysis terminated after step 10 with 2 linear functions. 





Standardized Canonical Discriminant Function Coefficients 


Variable 
cv at 346° 
s at 235° 
Mean at 346° 
s at 346° 
s at 221° 
cv at 194° 
cv at 70° 
Mean at 360° 
cv at 42° 
cv at 263° 


Group Centroids 


Dietary 
Condition 


Function 1 


Function 2 


—{.33 
0.70 
—0.58 
0.37 
—i ae 
1.12 
—4.55 
1.07 
4.92 
1.95 


First Second 
Function 


—2.84 1.56 
7.27 —0.21 
—4.43 


Function 


-1.3 


Contributions and Significance of Canonical Discriminant Functions 





% Canonical 
Correlation 


Function Eigenvalue Variance 


after one, and then two functions, 


Wilk’s Chi 
Lambda Square 


Degrees of Significance 
Freedom (p) 





0.98 
0.79 


0.0005 
0.312 


0.011 47.28 20 
0.368 10.49 9 





* GROUP CENTROID 
¢ DIET 1 (F) 

* DIET 2 (G st) 

* DIET 3 (G bf) 


CANONICAL DISCRIMINANT FUNCTION 2 


-4 . 4 8 





CANONICAL DISCRIMINANT FUNCTION 1 


FIG. 5. Positions of individual cases and centroids for the three 
dietary groups, located by weightings on the two multivariate dis- 
criminating functions (F=fasting, Gst=fed at start of exercise, 
Gbf=fed 30 min before exercise). 


ditional to Fig. 4, in all cases there were significant differ- 
ences between subjects in the overall force applied to the 
pedals. 

For the multivariate approach, Table 1 shows that the 
first MDFA highly significantly differentiated the diets. The 
first function contained most discrimination with 95% of the 
variance (degrees of freedom for 10 steps with 2 possible 
functions=20, Chi square=47.28, p>0.0005). Significant 
discrimination at the 0.01 level was achieved with the first 
two variables introduced via the step procedure (SD at 235° 
and CV at 346° pedal rotation). Figure 5 shows on a plot of 
the two functions, the group centroids from that table (vec- 
tors of mean weightings for best discrimination), together 
with the placement of individual cases. The second dietary 
condition (fed at the start of exercise) was significantly dif- 
ferentiated from the other two conditions. Again drawing 
from Table 1, the main variables making up the discriminat- 
ing functions and their place of action in the pedal cycle are 
shown in Fig. 6, together with their raw mean values. Use of 
these two discriminating functions to reclassify individual 
subject cases back to their dietary groups was almost totally 
successful, only one subject from the condition of fed 30 
minutes before exercise being misclassified, being attributed 
to the fasting condition. 
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TABLE 2 


SUMMARY STATISTICS FOR THE SECOND STEP-WISE MULTIPLE DISCRIMINANT FUNCTION ANALYSIS, 
AFTER REMOVAL OF THE TEN VARIABLES CONTRIBUTING TO THE LINEAR FUNCTIONS OF 
THE FIRST ANALYSIS 





Analysis terminated after step 7 with 2 linear functions. 





Standardized Canonical Discriminant Function Coefficients 


Variable 


s at 83° 
cv at 83° 
Mean at 83° 
Mean at 97° 
s at 249° 
cv at 208° 
s at 180° 


Group Centroids 


Dietary 
Condition 


— 1.32 
3.49 
—2.16 


Function | 


— 18.25 


Function 


Function 2 


0.79 
—0.97 
—4.94 

4.45 

0.85 
—0.39 
—0.18 


Second 
Function 


0.63 
—0.09 
—0.54 


Contributions and Significance of Canonical Discriminant Functions 





% Canonical 


Function Eigenvalue Variance Correlation 


after one and then two functions, 


Wilk’s Chi 
Lambda Square 


Degrees of Significance 
Freedom (p) 





0.94 
0.47 


7.44 
0.28 


96.38 
3.62 


14 0.01 
0.81 


28.56 
2.96 6 


0.092 
0.781 





This type of multivariate analysis singles out the most 
effective variables and leaves in the residual, unused, vari- 
ance ones that might approach but not quite achieve the 
discriminatory effectiveness of one of the utilized variables. 
To assess the content of the remaining variables, and the 
extent to which the discriminating effect was located in the 
matrix of forces, the 10 contributing variables in the two 
discriminating functions of the first step-wise analysis were 
discarded and the analysis repeated. Table 2 shows that sig- 
nificant differentiation of the diets was repeated, with again 
the single dimension of the first linear function containing 
most of the discriminating power. Figure 7 shows the main 
variables involved. Reclassification success deteriorated by 
two cases, misclassifications again being between the fasted 
condition and that of feeding 30 minutes before activity. 


DISCUSSION 


The hypothesis of the experiment, that particular nutri- 
tional and exercise changes disturb the neural control of an 
habituated adapted task in humans, was supported. The 
changes, which evoked metabolic alterations that included a 
modest lowering of the blood glucose, resulted in the varia- 
bility of force applied in the movement increasing. Also the 
pattern of mean values for force applied at different points in 
the cycle altered. Univariate analysis of segments of the data 
base identified these differences, which were then confirmed 
in a simple form by multivariate analysis of the whole. This 
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FIG. 6. Location and raw values of variables contributing most to 
the two multivariate functions discriminating between diets, posi- 
tioned around the pedal cycle (1st function solid and 2nd open sym- 
bols). 
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FIG. 7. By analysis of variables residual in the first MDFA, location 
and raw values of variables contributing most to the two multivariate 
functions then discriminating between diets, positioned around the 
pedal cycle (Ist function solid and 2nd open symbols). 


occurred even though a more conservative F value resulted 
from ignoring the use of repeated-measures when making the 
multivariate analysis. The analysis indicated that there was 
one main source of differentiation, the discriminatory power 
laying in one dimension of the matrix. 

The dietary and exercise regime may have evoked conse- 
quences which extended beyond lowered blood G, hence we 
refer to the “‘changes, which evoke metabolic alterations.” 
CNS transmitter changes, attentional changes due to altered 
sensations and changes in metabolite available to neurons all 
could be implicated. However, muscle oxidative energy 
stores should have been ample for moderate exercise of such 
limited duration. 

The metabolic change intruded most when alterations 
were required in the force/time relationship (df/dt). When 
slight application of force per unit time was to be changed in 
the next 40 msec by substantial increase of df/dt around the 
345° phase, the dietary-induced variability was optimal. 
Similarily the intrusion evoked additional variability at peak 
df/dt, close to the 90° phase, when a switch from positive to 
negative change in df/dt was imminent. It appears that such 
points of change are the least stable in the well-defined inter- 
nal motor programs [20, 22, 24] involved in such behaviour, 
perhaps involving more immediate and specific input. 

The physiological cause of the metabolic disturbance of 
behaviour is of interest. The present work was to provide 
observations at the broader level of the relation of behaviour 
to nutritionally-evoked metabolic states. (As a lattice-like 
hierarchy of neural controls likely is involved [17], no at- 
tempt has been made to proceed from the current level of 
study to identify more specific neural motor pools). 
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It is well reported [10] that carbohydrate ingestion with 
adequate circulating tryptophan precursor can increase me- 
tabolism of the CNS neurotransmitter serotonin. CNS 
serotonin is associated with mood changes [27] and, at the 
spinal level [11], with facilitation of excitation of the lower 
motor neuron. This may be a basis for understanding the 
changes seen in applied force. However, such local hor- 
monal changes might be anticipated to emerge later in the 20 
minutes of activity, as changes occurred in the protein trans- 
port system across the blood-brain barrier [26]. An interac- 
tion of diet-by-sample times then would be anticipated, but 
this was not seen. 

The blood G responses before and after exercise were 
similar to those seen previously with this dietary and exer- 
cise regime. With individual idiosyncracies in rate of uptake 
of G along the intestinal-metabolic chain, or in its effects 
upon the tryptophan transport system, masking of the 
entrainment of behavioural effect and metabolic effect over 
the 20 minutes may have occurred. Such significant differ- 
ences did appear between subjects in the total force applied 
to the pedals. They also are well reported for susceptibility 
to symptoms of disturbed carbohydrate metabolism [23]. 

As an alternative to an effect upon CNS serotonin, it is 
possible that the increased variability results from sensations 
of hunger commanding attention, perhaps altering activity at 
sub-cortical levels and its contribution to the multiple inputs 
to single CNS neurons, including those of the pyramidal tract 
[32]. Evarts [13] reported that firing of pyramidal tract 
neurons in the monkey was linked to small changes in df/dt, 
the matter of interst emerging from the present study. Inves- 
tigation of such modulation of attention, carbohydrate avail- 
ability and motor control may be amenable to psycho- 
physical study. 

The program of control for the task is impressively stable. 
As shown in Fig. 3, the 95% confidence band for force 
applied at points in the power phase of the pedal cycle, is in 
the region of 10 to 18% of mean values. When the dietary 
induced variability is optimal this band is increased by 8 to 
10%. This dietary effect occurred at both work levels and 
both feet. It was not just an effect from feeding per se, for 
feeding half an hour before activity showed no such benefits, 
but rather the reverse. 

The current results compliment field work demonstrating 
significant relationships between error, accidents and avail- 
ability of metabolic carbohydrate [2, 7, 9, 30]. It is clear that 
there is an effect upon neural control with these quite mild 
dietary and metabolic shifts. The physiological basis for the 
change in control merits study. 
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HIRSCH, E., E. BALL AND L. GODKIN. Sex differences in the effects of voluntary activity on sucrose-induced obesity. 
PHYSIOL. BEHAV. 292) 253-262, 1982.—Sedentary, adult rats of both sexes fed Purina chow and a 32% sucrose solution 
overate, gained excess weight and had higher Lee Indexes of obesity than control animals fed only Purina chow. The 
magnitude of these effects was similar in the males and females. Animals of both sexes fed the sucrose diet showed a slower 
rate of weight loss during food deprivation than the chow controls. Access to an activity wheel led to a reduction in caloric 
intake and the elimination of obesity in male rats. In the chow fed male rats activity led to a smaller, transient suppression 
in caloric intake and a slightly lower level of body weight than the sedentary chow controls. Access to activity did not affect 
body weight in the female rats in either dietary condition. Rather, both active groups of female rats appeared to compensate 
for the energy cost of voluntary activity by a small increase in food consumption. Long-term exposure to activity was 
associated with more rapid weight loss during food deprivation in both males and females. These data reveal that high levels 
of activity and obesity can co-exist when normal female rats are fed a palatable diet but that activity eliminates this form of 


obesity in the male rat. 
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Sex differences 
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HYPOACTIVITY has been implicated as a contributing fac- 
tor in both human obesity [4, 6, 15, 21, 51] and in various 
animal models of obesity [2, 3, 14, 17, 19, 24, 29, 52]. The 
evidence for a causal relation between inactivity and excess 
body weight or adiposity is not compelling. The most direct 
evidence for an effect of exercise on obese animals emerges 
from experiments which show that the various indices of 
obesity can be reversed by strenuous levels of forced exer- 
cise. Forced activity in a treadmill eliminates excess body 
weight and fat in adult rats fed a high fat diet [41] and it 
attenuates body weight gain in the genetically obese 
hyperglycemic mouse [29]. Similarly a program of forced 
swimming of increasing intensity eliminates the spontaneous 
obesity of the older male rat [38]. 

Additional indirect evidence for the role of inactivity in 
the development and maintenance of obesity comes from 
studies where voluntary activity is measured in running 
wheels, stabilimeters and the home cages of obese animals. 
Low levels of activity are characteristic of hypothalamic 
hyperphagic rats. This relation obtains when the obesity is 
induced by either lesions [2, 3, 14, 17, 24, 55] or knife cuts 
[11, 47, 54], although some knife cuts which produce mild 
obesity only lead to a temporary reduction in activity [47]. 
Similarly, gold-thioglucose induced obesity in mice [13,19], 
genetic obesity in the hyperglycemic mouse [29] or the 
Zucker rat [52] and the obesity that follows ovariectomy [59] 
are all characterized by low levels of spontaneous activity. 





In direct contrast to the hypoactivity observed in these 
obesity syndromes other methods for producing obesity do 
not lead to low levels of activity. Monosodium glutamate- 
induced obesity does not affect wheel running in rats [36], 
whereas in mice this form of obesity is associated with an 
increase in stabilimeter activity [1]. The obesity that occurs 
when adult rats are offered several palatable, high energy 
foods in addition to a nutritionally complete diet is accom- 
panied by normal activity levels in both male and female rats 
[45,48]. Paradoxically, this level of activity is sufficient to 
completely eliminate this form of dietary obesity in the male 
rat [45]. In the female rat contrasting results have been re- 
ported. Access to activity does not influence obesity in the 
Lister female rat [45], but does attenuate the amount of 
weight gain in the CFE strain female rat [48], but these 
animals are still significantly heavier than appropriate con- 
trols. 

The co-existence of obesity and normal levels of activity 
in both MSG treated animals and dietary obese animals 
raises the possibility that the hypoactivity observed in other 
experimental models of obesity may be a secondary result of 
neural insult or the hormonal and metabolic disturbances 
that accompany all forms of obesity characterized by low 
levels of activity. One way to test this conjecture is to exam- 
ine the effect of exercise on another form of dietary obesity 
that is uncomplicated by physiological disturbances. 

The present experiments, examine the relationship be- 
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tween access to activity and carbohydrate-induced obesity in 
both male and female rats. Previous work has shown that 
adult male rats offered a nutritionally complete diet and a 
separate source of sucrose [12, 18, 22, 23, 25] or glucose [5] 
overeat, show an increase in body fat content ({12,23] Hirsch 
and Powley, unpublished observations) and a proliferation of 
new fat cells [12]. 

This form of obesity has yet to be directly demonstrated 
in the female rat. Kratz and Levitsky [25] have shown that 
overeating does occur when female rats are offered a com- 
posite diet and a separate source of granular sucrose over a 
three week period. During this relatively short time period 
excessive weight gain and obesity were not demonstrated, 
although the animals offered a separate source of sucrose did 
grow faster than they had in the preceding three weeks when 
sucrose was not available. Experiment 2 examines the 
female rat’s response to a complete diet and a 32% sucrose 
solution over an extended period of time. The female rat’s 
response is of particular interest because two competing hy- 
potheses make entirely different predictions about a possible 
sex difference in response to palatable diets. Female rats 
show a stronger preference for both nutritive and non- 
nutritive sweet solutions than male rats [57, 58, 59, 60]. On 
this basis one would predict a larger elevation in caloric in- 
take and subsequent weight gain in the female rat exposed to 
a sucrose solution and a complete diet. Conversely, Nance 
and his colleagues [32, 33, 34, 35] have argued that energy 
balance is regulated more precisely in the female rat than in 
the male. On the basis of this body of work one might expect 
to see the effect of palatable carbohydrate solutions on 
caloric intake and body weight level to be attenuated or elim- 
inated in the female. The male-female comparison is also of 
interest because of the sexually dimorphic body weight re- 
sponse to exercise that Rolls and Rowe observed [45] in 
obese animals. 

In a preliminary attempt to evaluate whether 
carbohydrate-induced obesity produces changes in metabo- 
lism that contribute to the maintenance of higher levels of 
body weight, the rate of weight loss during complete food 
deprivation was determined at the end of both experiments. 
Rixon and Stevenson [44] have reported that this measure is 
highly correlated (r=+0.95) with pre-deprivation basal 
metabolic rate. This measure has also been used to evaluate 
the long term effect of voluntary activity on metabolism [7,8] 
and in the present experiment it may provide insight into any 
effects of activity on carbohydrate-induced obesity. 


GENERAL METHOD 
Animals 


Sprague-Dawley rats (Blue Spruce Farms, Altamont, 
NY) 60 (experiment 2) or 90 (experiment 1) days of age were 
used. They were maintained on a 12:12 light-dark cycle with 
the lights coming on at 0700 hours. Temperature was main- 
tained at 77°F+2°. 


Apparatus 


The sedentary animals were housed individually in stand- 
ard wire mesh cages (25.4 17.8 17.8 cm, Wahmann Man- 
ufacturing Co., Baltimore, MD). The active animals were 
housed individually in Wahmann activity wheel units (LC- 
34) consisting of a running wheel (35 cm in diameter with a 
path 11 cm wide) and an adjacent living cage (25x 15x13 
cm). The cages were equipped with spillproof ceramic food 
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cups (described in [50]) which were held in the right rear 
corner of the cage by an upright bolt. Water was available in 
a 100 ml calibrated bottle attached to the home cage. A 32% 
sucrose solution was available in 250 ml calibrated bottles 
placed approximately 3 cm from the water bottle. Metal 
drinking spouts extended into the cage approximately 2 cm 
above the floor. The positions of the sucrose and water 
bottles were alternated daily. 

The sucrose solution was made from commercially avail- 
able sugar and tap water and was mixed 24 hours prior to use 
on a weight per volume basis. The solution was kept refrig- 
erated until one hour prior to use. Purina chow was used as 
the nutritionally complete diet (3.61 kcal/g). 


Procedure 


The design of the experiment was a 2x2 factorial with 
access to sucrose (S=sucrose available, NS=no sucrose) 
and access to activity (A=activity available, NA=no activ- 
ity) as the two main factors. The four groups, active-sucrose 
(AS), active-no sucrose (ANS), non-active, sucrose (NAS) 
and non-active, no sucrose (NANS) were matched on body 
weight prior to the start of the experiment and had ad lib 
access to Purina chow and water. The two sucrose groups 
also had ad lib access to a 32% solution of sucrose. The two 
active groups had 24 hour access to a Wahmann activity 
wheel. 

Prior to the start of the experiment the four groups were 
given 5 days of access to Purina chow and water with the 
wheels shut. Access to sucrose was initiated at this point for 
groups AS and NAS. Ten days later the wheels were opened 
and the experiment began. The staggered introduction of su- 
crose and activity was employed in an effort to avoid the 
depression in sucrose intake that occurs when rats are given 
initial access to a novel sucrose solution and a novel activity 
wheel simultaneously [20]. In Experiment | the Lee Index of 
obesity (3 body weight/naso-anal length x 10,000) was com- 
puted under ether anesthesia after 44 days of access to activ- 
ity [26]. In Experiment 2 this determination was made after 
85 days of access to activity. After measurements for the Lee 
Index were taken the animals were placed on complete food 
deprivation. During deprivation the active animals still had 
access to the activity wheels. Deprivation lasted five days in 
Experiment | and six days in Experiment 2. 

Daily measurements of body weight, food intake, sucrose 
intake and wheel turns were taken at 1000 hours. Food spill- 
age, though infrequent, was collected and weighed. 


Data Analysis 


All analyses are based on the data from the days when the 
experimental conditions were in effect for all 4 groups. The 
data were analyzed by means of a three way analysis of vari- 
ance with access to sucrose and access to activity as be- 
tween group factors and days as a repeated measures factor 
when the 4 groups were being compared. A single factor 
analysis of variance with days as a repeated measure was 
used to analyze the effects of all dependent measures when 
two groups were being compared. 


EXPERIMENT | 


Experiment | examines the effect of access to activity on 
weight gain, caloric intake and dietary selection in male rats 
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FIG. |. Mean body weight for active and non-active male rats fed 
Purina chow or Purina chow plus a 32% sucrose solution. (Note that 
the running wheels were opened at the arrow.) 


given access to either a complete diet or a complete diet and 
a 32% sucrose solution over the 24 hour period. 


METHOD 


Twenty four male rats who were 90 days of age were used 
in this experiment. The average body weights for the four 
groups ranged from 359.2 g to 364.8 g at the start of the 
experiment. 


RESULTS 


Figure | shows the changes in body weight over the 
course of the experiment for the four groups. Both diet, 
F(1,20)=5.14, p<0.01 and activity, F(1,20)=14.95, p<0.01 
influenced body weight. The sucrose animals were heavier 
than the chow controls and the active animals weighed less 
than the sedentary ones. Although the effect of sucrose on 
body weight appeared to be more pronounced in the non- 
active animals the simple one way interaction between ac- 
tivity and diet was not statistically reliable (p>0.05). Diet 
and activity also influenced the rate of body weight gain as 
revealed by significant interactions between both variables 
and days. Sucrose fed animals, F(43,860)=1.66, p<0.05, 
gained weight faster than the chow controls and inactive 
animals gained weight faster, F(43,860)=2.75, p<0.01, than 
active animals. In this instance the effects of one variable 
depended on the level of the other and there was a significant 
three way interaction between diet, activity and days, 
F(43,860)=4.61, p<0.01. In the sucrose condition access to 
activity led to a marked reduction in the rate of weight gain 
whereas the active and non-active chow controls grew at 
comparable rates. 

This figure also reveals that there was a transient reduc- 
tion in the rate of weight gain in the active animals when the 
wheels were first opened. This effect of exposure to the 
wheel was somewhat more pronounced in the chow fed 
group. 

The body weights and lengths recorded on the last day of 
ad lib feeding were used to compute the Lee Index of obesity 
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FIG. 2. Mean caloric intake for active and non-active male rats fed 
Purina chow or Purina chow plus a 32% sucrose solution. (Note that 
the running wheels were opened at the arrow.) 


TABLE | 


BODY WEIGHT, BODY LENGTH AND THE LEE INDEX OF OBESITY 

(MEAN + SEM) IN ACTIVE AND NON-ACTIVE MALE RATS FED 

EITHER PURINA CHOW OR PURINA CHOW AND A 32% SUCROSE 
SOLUTION ON THE LAST DAY OF AD LIB FEEDING 





Naso-Anal 
Length (mm) 


Body Weight 


Group (g) Lee Index 





313.3 + 
328.4 + 
312.6 + 
317.1 + 


246.4 + 
247.3 + 
244.6 + 
245.9 + 


AS 460+ 9.4 
NAS 536 + 14.8 
ANS 447 + 13.1 
NANS 474 + 11.5 





[26] for each rat. Table 1 shows that body length was very 
similar in the four groups and an analysis of variance failed to 
demonstrate an effect of activity or diet on this measure. The 
Lee Index was influenced by both diet, F(1,20)=5.72, 
p<0.01 and activity, F(1,20)=7.65, p<0.05. Access to su- 
crose led to an increase in this indirect measure of obesity 
and access to activity produced a decrease. There was also a 
significant interaction between these variables, 
F(1,20)=6.18, p<0.05. This interaction is due to a much 
larger decrease in the Lee Index in the active sucrose fed 
animals relative to the decrease in this measure in the active 
chow fed animals. 

Total caloric intake over the course of the experiment is 
shown in Fig. 2. For purposes of clarity this figure is divided 
into 2 panels with the caloric intakes of the active animals 
shown in the upper panel. The animals with access to su- 
crose consumed more calories (Mean=112.6) than the chow 
controls (Mean=91.5) throughout the experiment, 
F(1,20)=64.38, p<0.01. The active animals (Mean=99) con- 
sumed slightly fewer calories per day than the sedentary 
controls (Mean=105), F(1,20)=4.59, p<0.05. The upper 
panel of this figure shows that initial exposure to the activity 
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FIG. 3. Mean sucrose intake and the proportion of calories taken 
from sucrose in active and non-active male rats fed Purina chow and 
a 32% sucrose solution. (Note that the running wheels were opened 
at the arrow.) 


wheels produced a depression in caloric intake that took 
approximately 16-20 days to recover. This change in caloric 
intake over time in both active groups combined with the 
stable levels of intake in the sedentary groups led to a 
diet x days interaction, F(43,860)=2.02, p<0.01 as well as an 
activity X days interaction F(43,860)=3.60, p<0.01. 

For the sucrose animals caloric intake reflects both chow 
intake and sucrose intake. Access to sucrose led to a sub- 
stantial reduction in chow intake, F(1,20)=233,61, p<0.01. 
The level of chow intake was not influenced by activity but 
initial exposure to the wheels led to a reduction in daily 
consumption for both active groups that took approximately 
12 days to recover. This change in chow intake over time in 
conjunction with very stable levels of intake in the sedentary 
groups led to an activity x days interaction, F(43,860)=2.50, 
p<0.01 as well as a diet x days interaction, F(43,860)= 1.77, 
p<0.01 on this measure. 

The upper panel of Fig. 3 shows that activity was associ- 
ated with a lower level of sucrose intake, F(1,20)=15.09, 
p<0.01. Initial exposure to the activity wheels led to a 
marked reduction in sucrose intake that took approximately 
30 days to approach the level of intake of the sedentary 
animals. The differential pattern of sucrose intake over time 
led to a groups xX days interaction on this measure, 
F(43,860)=2.11, p<0.01. The proportion of calories taken 
from sucrose on a daily basis was also higher in the seden- 
tary animals but this difference was not statistically reliable 
(p>0.05). Both groups showed an increase in relative su- 
crose consumption over time, F(43,430)=3.93, p<0.01, that 
was not influenced by activity. 
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WHEEL TURNS 





l23s4567 8 9 On 
4 DAY BLOCKS 


FIG. 4. Mean number of wheel revolutions in male rats fed Purina 
chow or a Purina chow and a 32% sucrose solution. 





TABLE 2 


BODY WEIGHT PRIOR TO DEPRIVATION, ABSOLUTE BODY 
WEIGHT LOSS, AND PERCENT BODY WEIGHT LOSS (MEAN + SEM) 
IN ACTIVE AND NON-ACTIVE MALE RATS FED EITHER PURINA 
CHOW OR PURINA CHOW AND A 32% SUCROSE SOLUTION 
FOLLOWING FIVE DAYS OF FOOD DEPRIVATION 





Body Weight 


BWL (g) BWL (%) 





96.0 + 4.6 20.9 
77.8 + 3.4 14.5 
110.1 + 5.1 24.6 
93.0 + 4.7 19.6 


I+ It I+ I+ 





The daily level of wheel running is shown in Fig. 4. The 
chow fed animals showed a stable level of running activity 
throughout the experiment. The sucrose animals showed a 
steady increase in activity that reached an asymtote of 2500 
revolutions per day after approximately 28 days in the wheel. 
Despite the large difference in activity shown by these two 
groups diet did not have an overall effect on activity. There 
was, however, a significant increase in activity over days, 
F(43 ,430)=2.66, p<0.01 as well as a groups x days interac- 
tion, F(43,430)=2.62, p<0.01. The increase in the level of 
activity of the sucrose fed animals was clearly responsible 
for both of these effects. 

During food deprivation the absolute and relative 
amounts of body weight loss were influenced by activity and 
diet. Table 2 shows that the active animals lost more weight, 
F(1,20)=8.42, p<0.01 and a larger percentage of their initial 
body weight, F(1,20)=19.13, »><0.01 than the sedentary con- 
trols. A history of sucrose consumption led to less weight 
loss, F(1,20)=5.62, p<0.05 and a lower percentage of body 
weight loss during food deprivation, F(1,20)= 13.25, p<0.01. 


DISCUSSION 


Sedentary male rats fed a complete diet and a 32% su- 





ACTIVITY AND SUCROSE-INDUCED OBESITY 


crose solution overate, gained excess weight and had a 
higher Lee Index of obesity than chow fed controls. These 
data confirm several other demonstrations of carbohydrate- 
induced obesity in male rats [5, 12, 18, 22, 23, 25]. This 
experiment also revealed that this form of dietary obesity is 
accompanied by a decrease in metabolic rate as indexed by 
the rate of weight loss during starvation [7, 8, 44]. This 
change in metabolism may contribute to the development 
and maintenance of this type of obesity. 

Access to an activity wheel completely eliminated the 
excess weight gain and adiposity of these animals. These 
data are similar in all respects to the observations of Rolls 
and Rowe [45] who studied the effect of voluntary activity on 
another form of dietary obesity in a different strain of rats. 
Obesity is also reversed in male rats fed a high fat diet who 
are exposed to forced treadmill exercise [41]. Thus, expo- 
sure to exercise eliminates the three types of dietary obesity 
that have been studied to date in male rats. 

Exposure to an activity wheel produced similar, but 
smaller, changes in body weight and body fat content in the 
chow fed control animals. A small, chronic reduction in body 
weight has been reported many times in male rats with ac- 
cess to an activity wheel [7, 28, 36]. This long-term reduction 
in body weight also ocucrs in male rats exposed to forced 
treadmill exercise [10, 34, 53, 56] or swimming [39]. Leshner 
[27] has shown that this 5S—10% reduction in body weight can 
be accounted for almost completely by a selective loss of 
body fat in exercising male rats. 

There are at least three ways in which exercise can 
produce these changes in body weight and fat content. Initial 
exposure to an activity wheel leads to a 5—10 day reduction in 
food intake in male rats [7, 28, 36] that is not compensated 
for on a long term basis [7]. Forced exercise also leads to a 
small reduction in food intake in male rats that persists for 
the duration of the exercise [10, 34, 39, 53, 56]. A relatively 
brief decline in food intake was observed in the active chow 
fed animals. In the sucrose animals the reduction in caloric 
intake lasted for the duration of the experiment and averaged 
ten calories per day relative to the sedentary sucrose group 
(107.3 vs 117.9). Activity has identical effects on food intake 
and body weight in male rats fed an assortment of foods that 
induce obesity [45]. These observations clearly suggest that 
the elimination of dietary obesity in active male rats can be 
partially accounted for by an activity-induced reduction in 
caloric intake. Why this effect is so much more pronounced 
in animals offered diets which promote overeating and obe- 
sity remains an intriguing, unanswered question. 

The reduction in caloric intake in the active sucrose 
animals was due to changes in both chow and sucrose intake 
that were similar in magnitude and duration to those reported 
by Jennings and McCutcheon [20]. Exposure to the wheels 
led to a mild (5 calories) decline in chow intake that re- 
covered in less than 10 days. The reduction in sucrose intake 
was much larger (25 calories) and of a considerably longer 
duration. It was only in the final days of the experiment that 
the active sucrose animals were consuming amounts of su- 
crose that were comparable to the sedentary controls. The 
reduction in sucrose intake resulted in a diet that was con- 
siderably lower in carbohydrate content than the diet con- 
structed by the non-active sucrose animals. This observation 
differs from the results of self-selection procedures. When 
active rats are offered the choice between a high protein 
source and a high carbohydrate source they consume a 
higher proportion of the carbohydrate fraction than non- 
active animals [9]. 


Lower levels of caloric intake cannot completely account 
for the reversal of carbohydrate-induced obesity in the active 
animals. The active sucrose animals consumed more calories 
per day than the non-active chow fed group (107 vs 91.8) but 
weighed slightly less. These excess calories may have been 
used to fuel exercise. The higher level of wheel running in 
the sucrose fed animals certainly appears to support this 
possibility. However, the actual energetic cost of wheel 
running in rats has yet to be specified and it also is possible 
that heightened wheel running leads to a reduction in other 
forms of motor activity over the 24 hour period [31,43]. 

The changes in metabolism that are associated with ac- 
tivity may also help to explain why the active sucrose 
animals were able to consume more calories but weigh 
slightly less than the inactive chow group. The active 
animals in this experiment lost more weight and a higher 
percentage of their pre-deprivation body weight during the 
five days of deprivation than the inactive group. The high 
positive correlation between basal metabolic rate and the 
rate of weight loss during food deprivation (r=+0.95) 
suggests that activity may lead to an elevation in metabolic 
rate [7, 8, 46]. A higher level of metabolism may also con- 
tribute to the lower body weights of the active sucrose 
animals. This proposed mechanism remains conjectural in 
the absence of direct measures of metabolism in these 
animals. 


EXPERIMENT 2 


This experiment examines the relationship between 
exercise and carbohydrate-induced obesity in the female rat. 
This form of dietary obesity has yet to be directly demon- 
strated in the female rat. As previously mentioned Kratz and 
Levitsky [25] demonstrated that female rats given access toa 
composite diet and a separate source of granular sucrose 
gained weight at a faster rate during a three week period of 
exposure than they had during the prior three weeks when 
sucrose was not available. Conversely, it has also been re- 
ported that when dextrose is added to a complete diet the 
female rat shows a chronic reduction in caloric intake and 
body weight [61]. One purpose of the present experiment is 
to attempt to clarify these contrasting results by examining 
the female rat’s response to a complete diet and a separate 
source of sucrose in solution. A pattern of results showing 
excess intake and weight gain would certainly suggest fun- 
damental differences between the effects of adding a carbo- 
hydrate to the diet as opposed to offering a separate source 
of this nutrient. In addition, the period of observation is 
considerably longer than that employed by Kratz and 
Levitsky [25] and it will reveal whether overeating and ex- 
cessive weight gain persist over time to produce obesity in 
the female rat under this dietary regimen. 

The female’s stronger preference for sweet solutions [57, 
58, 59, 60] leads to the prediction that the degree of overeat- 
ing and excess weight gain may be more pronounced than in 
the male. This prediction is tempered by the finding that the 
female rat shows more precise regulation of energy balance 
than the male rat in response to a variety of regulatory chal- 
lenges [32, 33, 34, 35]. The finding that exercising female rats 
show an increase in food intake and maintain levels of body 
weight that are comparable to sedentary controls [30, 34, 37] 
is one example of more precise regulation in the female that 
is particularly relevant to the present experiment. Somewhat 
different outcomes have been reported in the two experi- 
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FIG. 5. Mean body weight for active and non-active female rats fed 
Purina chow or Purina chow and a 32% sucrose solution. (Note that 
the running wheels were opened at the arrow.) 


TABLE 3 
BODY WEIGHT, BODY LENGTH AND LEE INDEX OF OBESITY 
(MEAN + SEM) IN ACTIVE AND NON-ACTIVE FEMALE RATS FED 
EITHER PURINA CHOW OR PURINA CHOW AND A 32% SUCROSE 
SOLUTION ON THE LAST DAY OF AD LIB FEEDING 





Body Weight Naso-Anal 


(g) Length (mm) Lee Index 





218.9 ; 312.3 
314.9 
296.6 + 
295.2 


319.7 + 7.8 
313.4 + 6.9 215.7 
274.6 + 5.2 219.1 
277.8 + 6.3 221.0 





ments that have examined the influence of activity on dietary 
obesity in female rats. Rolls and Rowe [45] found that volun- 
tary activity had little or no effect on body weight in females 
offered a complete diet and several high energy foods 
whereas Sclafani and Springer [48] found that voluntary ac- 
tivity attenuated but did not eliminate this form of dietary 
obesity. Despite these differences both experiments are 
consistent with the generalization that exercise has less of an 
effect on body weight in female rats than in males. The pres- 
ent experiment tests the generality of this finding in 
carbohydrate-induced obesity. 


METHOD 


Twenty eight female rats who were 60 days of age were 
used in this experiment. The average body weights for the 


experiment. 


RESULTS 


Figure 5 shows that the two groups with access to the 
sucrose solution weighed more, F(1,24)=14.60, p<0.01 and 
gained weight faster than the two chow control groups, 
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FIG. 6. Mean caloric intake for active and non-active female rats fed 
Purina chow or Purina chow and a 32% sucrose solution. (Note that 
the running wheels were opened at the arrow.) 


F(84,2016)=14.39, p<0.01. Access to activity had no influ- 
ence on body weight levels (p >0.05) or the rate of weight 
gain (p >0.05) over the course of the experiment. However, it 
can be seen in Fig. 5 that initial exposure to the activity 
wheel led to a small reduction in the rate of weight gain for 
the sucrose animals and a small loss in body weight for the 
chow fed animals. Both these effects were no longer visible 
by the second five day block. 

The body weights and lengths recorded on the last day of 
ad lib feeding were used to compute the Lee Index of obesity 
for each rat. Table 3 shows that body length was very similar 
in the four groups and an analysis of variance revealed that 
there was no effect of diet or activity on this measure. The 
Lee Index was higher in the sucrose fed animals, 
F(1,24)=11.75, p<0.01, but activity had no effect on this 
indirect measure of obesity (p >0.05). 

Figure 6 shows that the two groups with access to the 
sucrose solution showed a sustained elevation in caloric in- 
take relative to the two chow control groups throughout the 
duration of the experiment, F(1,24)=18.69, p<0.01. This 
difference was approximately 10 calories per day. In both 
diet conditions the active animals consumed five calories 
more per day than the inactive animals but this difference 
was not statistically reliable, F(1,24)=3.07, p>0.05. Initial 
exposure to the activity wheels produced a transient reduc- 
tion in caloric intake which recovered after about 10 days. 

For the sucrose animals total caloric intake reflects both 
chow intake and sucrose intake. Access to sucrose led to a 
compensatory reduction in chow intake, F(1,24)=189.7, 
p<0.01 that was not influenced by activity. There was, how- 
ever, a transient reduction in chow intake when the wheels 
were first opened. Recovery of chow intake followed the 
same temporal course as recovery of caloric intake. The 
upper panel of Fig. 7 shows that there was considerable over- 
lap in sucrose intake between the two groups and that activ- 
ity did not have an influence on this variable (p>0.05). A 
temporary reduction in sucrose consumption occurred when 
the wheels were first opened and recovery took approx- 
imately 10 days. The lower panel of this figure shows that 
activity did not have a systematic effect on the proportion of 
calories that were taken from sucrose over the course of the 
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FIG. 7. Mean sucrose intake and the proportion of calories taken 
from sucrose in active and non-active female rats fed Purina chow 
and a 32% sucrose solution. (Note that the running wheels were 
opened at the arrow.) 


experiment, (p>0.05). Again, initial exposure to the wheel 
led to a temporary reduction in relative sucrose intake that 
lasted approximately 10 days and then reached the level of 
the non-active animals. For the next 50 days both groups 
consumed the same proportion of their daily caloric intake 
from the sucrose solution. For the last 25 days of the experi- 
ment the non-active animals selected a higher proportion of 
their caloric intake from the sucrose solution. This differen- 
tial pattern of change over time led to a groups x days in- 
teraction, F(83,1008)=2.67, p<0.01. 

Figure 8 shows that the animals with access to sucrose 
ran slightly more than the chow controls, F(1,12)=6.01, 
p<0.05. This difference averaged approximately one 
thousand revolutions per day over the course of the experi- 
ment. Both groups showed a parallel increase in running 
over time, F(84,1008)= 16.54, p<0.01. 

During food deprivation the absolute and relative 
amounts of body weight loss were influenced by both activ- 
ity and diet. Table 4 shows that the active animals lost more 
weight, F(1,24)=9.42, p<0.01 and a larger percentage of 
their initial body weight F(1,24)=34.25, p<0.01 than the 
sedentary controls. The sucrose animals lost less weight, 
F(1,24)=14.56, p<0.01 and a smaller percentage of their ini- 
tial body weight than the chow controls, F(1,24)=34.15, 
p<0.01. 


DISCUSSION 


Sedentary female rats fed Purina chow and a 32% sucrose 
solution overate, gained excess weight, had a higher Lee 
Index of obesity and showed a decrease in basal metabolism 
relative to chow fed controls. This profile of change is strik- 
ingly similar to both the pattern observed in Experiment | 
with male rats and to previous reports of carbohydrate- 
induced obesity in male rats [5, 12, 18, 22, 23, 25]. These data 
extend the generality of this type of dietary obesity to female 
rats. The overeating and excessive weight gain that occur 
when either granular sucrose [25] or sucrose in solution are 
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FIG. 8. Mean number of wheel revolutions in female rats fed Purina 
chow or Purina chow and a 32% sucrose solution. 


TABLE 4 


BODY WEIGHT PRIOR TO DEPRIVATION, ABSOLUTE BODY 
WEIGHT LOSS AND PERCENT BODY WEIGHT LOSS (MEAN + SEM) 
IN ACTIVE AND NON-ACTIVE FEMALE RATS FED EITHER PURINA 
CHOW OR PURINA CHOW AND A 32% SUCROSE SOLUTION 
FOLLOWING 6 DAYS OF FOOD DEPRIVATION 





Body Weight 
Group (g) BWL (g) BWL (%) 





AS 319.7 + 7.8 7+ 24.3 + 1.1 
NAS 313.4 + 6.9 5.5 + 17.7 + 0.9 
ANS 274.6 + 5.2 42 ane & Be 
NANS 277.8 + 6.3 ‘. F 24.3 + 1.4 





offered to female rats is quite different from the undereating 
and body weight deficit that occur when dextrose is added 
to a complete diet [61]. In view of the fact that dextrose 
solutions promote overeating and obesity in male rats [5] the 
distinction between a sweet carbohydrate offered separately 
or added to a complete diet would appear to be critical in 
determining whether food intake is increased or decreased. 

Access to an activity wheel did not affect weight gain or 
adiposity in the sucrose fed animals. This surprising outcome 
is identical to the pattern of results reported by Rolls and 
Rowe [45] in a different strain of female rats fed several high 
energy foods and a complete diet. These observations differ 
somewhat from the effects of activity on the *‘supermarket”™’ 
version of dietary obesity studied in a third strain of female 
rats [48]. This latter type of obesity is reduced but not elimi- 
nated by activity. There is sufficient consistency across 
these experiments, which used three different diets and three 
different strains of rats, to encourage the generalization that 
dietary obesity in the female rat is refractory to the effects of 
voluntary exercise. 

The chow fed animals with access to activity showed the 
usual, small chronic reduction in body weight [7, 28, 36]. 
When more strenuous levels of exercise are imposed on the 





260 


female rat through forced running in a treadmill [30,34] or 
swimming [37] body weight is defended by an increase in 
caloric intake that is proportional to the severity of the exer- 
cise. 

The question of course arises as to why voluntary activity 
fails to influence dietary obesity in the female rat. Hypoac- 
tivity can be ruled out as a contributing factor. Female rats 
fed diets which induce obesity run as much [45,48], or as the 
present experiment shows, slightly more than chow fed con- 
trols. They also appear to compensate for the energy cost of 
activity by consuming more calories per day than the seden- 
tary controls [45]. In the present experiment both active 
groups consumed five calories more per day than their non- 
active controls. Equivalent increases in caloric intake in con- 
junction with similar levels of activity clearly suggest that in 
the female rat the energy cost of activity is balanced by a 
small increase in food consumption. 

An explanation of the failure of voluntary activity to in- 
fluence dietary obesity in female rats which emphasizes a 
compensatory increase in caloric intake appears to be par- 
simonious, consistent with the data and the available re- 
search literature. We do not think this explanation is com- 
plete for several reasons. First, the increase in caloric intake 
was small and not significant in a statistical sense. It is also 
much smaller than the changes reported with forced tread- 
mill exercise [30,34] or swimming [37]. A second problem 
with this explanation is that wheel turns are equated with 
heightened energy expediture over the 24 hour period. In the 
absence of evidence showing that running wheel activity 
consumes more than a negligible portion of the rat’s energy 
budget over the 24 hour period an explanation that equates 
wheel turns with increased expenditure rests on a very weak 
foundation. It is possible, as Morrison [31] has shown with 
direct measures of O, consumption and CO, output for other 
forms of motor activity, that energy output in the rat is con- 
stant over the 24 hour period and increases in one form of 
motor activity are compensated for by decreases in other 
behaviors. This argument is supported by attempts to scale 
the energy cost of wheel running indirectly [7,8]. Active 
animals without a prior history of exercise lose weight at 
exactly the same rate as non-active controls during complete 
food deprivation. The failure of substantial levels of running 
wheel activity to influence the slope of the weight loss func- 
tion during deprivation suggests that this behavior has a 
minor energy cost or that total energy output is maintained 
by decreases in other forms of behavior. On the other hand a 
prior history of activity produces changes in metabolism that 
potentiate the rate of weight loss during food deprivation 
[7,8]. This effect of prior activity was observed in the present 
experiment and raises the third problem for an explanation of 
the failure of activity to influence this form of dietary obe- 
sity. Why don’t these inferred activity-induced changes in 
metabolism produce some weight loss in the active animals? 
Adequate resolution of these issues requires direct measures 
of the actual cost of running wheel activity and other forms 
of motor behavior over the 24 hour period. 

Although activity was associated with a transient reduc- 
tion in caloric intake when the wheels were first opened and 
with a small sustained elevation in caloric intake during the rest 
of the experiment, this behavior did not have a systematic influ- 
ence on dietary selection, sucrose intake or the proportion of 
calories taken from sucrose. When active male rats are of- 
fered a high protein food source and a high carbohydrate 
food source they consume a higher proportion of their diet 
from the carbohydrate source than non-active controls [9]. 
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GENERAL DISCUSSION 


Obesity develops in both sedentary male and female rats 
fed a nutritionally complete diet and a sapid carbohydrate 
solution. Direct comparisons between the males and the 
females in their response to this diet are limited by the fact 
that the males were slightly older at the beginning of the 
experiment (90 days vs 60 days) and they were tested for a 
considerably shorter period of time than the females (44 days 
vs 85 days). Despite these limitations the experimental pro- 
cedures were virtually identical and general comparisons be- 
tween the two sexes are appropriate. In contrast to opposing 
predictions derived from the observations that female rats 
show a stronger preference for sweet solutions [57, 58, 59, 
60] and that female rats show more precise regulation of 
energy balance [32, 33, 34, 35] there were no striking sex 
differences in the degree of overeating, weight gain or 
adiposity in the two experiments. Sedentary male rats fed 
Purina chow and a 32% sucrose solution consumed 28% 
more calories than the chow fed controls (117.8 vs 91.8), 
weighed 13% more at the end of the experiment (536 vs 447), 
and had a Lee Index that was 3.5% higher (328.4 vs 317.1). 
The sedentary sucrose fed females consumed 17.6% more 
calories (73.9 vs 62.8), weighed 15.4% more (313.4 vs 277.8) 
and had a 6.6% increase in the Lee Index of obesity (314.9 vs 
295.2) relative to the non-active chow controls. The absence 
of a sex difference in these parameters of dietary obesity has 
been reported previously, although one experiment observed 
greater weight gains in females offered a diet that leads to 
obesity [49]. 

There was, however, a striking sex difference in the re- 
sponse to voluntary activity. Exercise eliminated excess 
weight gain and adiposity in sucrose fed male rats. It also 
produced a small chronic reduction in body weight in the 
chow fed controls. The reduction in body weight in the male 
rats is probably mediated by lower levels of caloric intake, 
failure to compensate for energy cost of voluntary activity 
and activity-induced changes in metabolism. In the absence 
of direct measures of the energy cost of voluntary activity 
and changes in other forms of motor activity over the 24 hour 
period it is impossible to assign relative weights to each of 
these factors. 

In sharp contrast to the results in the male, voluntary 
wheel running did not produce any changes in weight gain or 
adiposity in female rats fed a complete diet and a sucrose 
solution despite considerably higher levels of wheel running 
in the female. In both dietary conditions female rats ap- 
peared to compensate for the calories spent in exercise by 
increasing their food consumption. As previously discussed 
we regard this explanation as incomplete. 

The sexually dimorphic response to exercise is not unique 
to this form of dietary obesity. Rolls and Rowe [45] observed 
an almost identical pattern of changes in body weight and 
food intake in another strain of male and female rats fed a 
different diet which also promotes obesity. This sex differ- 
ence in the response to exercise is also apparent in normal 
animals tested with forced treadmill running or swimming 
where the amount of exercise is under experimental control. 
Under these conditions male rats show a depression in 
caloric intake and lower levels of body weight [10, 34, 39, 53, 
56], whereas females show a compensatory increase in 
caloric intake and defend their body weight [30, 34, 37]. 
There are exceptions to this generalization (e.g., [41]). Sex 
differences in the response to voluntary activity are less 
clear cut. Males almost always show a suppression in food 
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intake and body weight [7, 28, 36] whereas some experi- 
ments report this same pattern in females but others report a 
compensatory increase in food intake that leaves body 
weight unchanged [36, 43, 45]. The contradictory results 
observed in different experiments with female rats may re- 
late to the uncontrolled level of exercise across experiments. 
Some animals may only run at very low levels and operate in 
what Mayer and his colleagues have termed the sedentary 
range [30] where regulation is imprecise and a reduction in 
food intake and body weight would be expected. In other 
studies the level of voluntary activity may fall into the range 
of proportional response where a compensatory increase in 
caloric intake in defense of body weight would be expected 
[30]. This conjecture is supported by the higher levels of 
voluntary activity that are typically observed in female rats. 
At this point in time the evidence is sufficiently compelling to 
regard the sexually dimorphic response to exercise in both 
obese and normal weight animals as a real phenomenon. The 
basis for this sex difference has yet to be identified. 

The present experiments also reveal that hypoactivity is 
neither a necessary contributing factor to obesity or a neces- 
sary consequence of this condition. In both experiments the 
sucrose fed animals ran more than the chow controls. Nor- 
mal levels of activity are also observed in another form of 
dietary obesity [45,48] and in monosodium glutamate- 
induced obesity [36]. The co-existence of normal levels of 
activity and obesity raise the possibility that the hypoactivity 
observed in other obesity syndromes is a secondary conse- 
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quence of neural damage, hormonal disturbance or 
metabolic disorders that appear to characterize so many of 
the experimental animal models of obesity. It is clear from 
the present experiments that otherwise normal animals who 
become obese through overeating a palatable diet continue 
to run as much or more than normal weight controls. 

Many authors have emphasized how a small daily error in 
caloric intake can lead to the excessive accumulation of 
stored energy in the form of fat over long periods of time 
(e.g., [16]). The relevance of this point is underscored by the 
report that in a group of 650, non-diabetic, obese patients, 
82% could be designated as overeaters, with carbohydrates 
supplying 55-65% of the metabolizable energy of their diets 
[40]. The majority of these patients had a history of adult- 
onset obesity that was generally associated with a low level 
of physical activity. This clinical profile is strikingly similar 
to the outcome of these experiments. Sedentary male and 
female rats fed a complete diet and a palatable sucrose solu- 
tion overate. On a daily basis the magnitude of the caloric 
excess was small but over a long period of time this small 
daily error in caloric intake translated into significant in- 
creases in body weight and fat content. The apparent paral- 
lels between the obesity that develops in normal rats offered 
a palatable diet and obese humans where the etiology of the 
condition lacks any obvious pathology or physiological dys- 
function encourages further examination of diet-induced 
obesity in experimental animals. 
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GLADUE, B. A. AND L. G. CLEMENS. Development of feminine sexual behavior in the rat: Androgenic and temporal 
influences. PHYSIOL. BEHAV. 292) 263-267, 1982.—The contributions of prenatal and postnatal androgen exposure 
upon the development of sexual behavior in rats were examined by prenatal treatment of pups with an androgen antagonist 
(flutamide) and postnatal androgenization or castration. Male and female rats were exposed to the androgen receptor- 
blocker flutamide (FLU) in utero via prenatal injections to the mother on Days 10 through 22 of gestation. At birth (Day 1) 
males were castrated. Both males and females were injected with either 100 wg testosterone propionate (TP) or oil on Day 
1. In adulthood all gonadectomized animals were tested for the display of feminine sexual behavior (lordosis) in response to 
a range of estrogen dosages. Prenatal exposure to FLU enhanced lordosis in both sexes when compared to vehicle-treated 
controls. Postnatal TP treatment decreased lordotic potential as expected. However, in animals given TP postnatally, those 
receiving prenatal flutamide had higher lordosis quotients than animals receiving vehicle treatment. These data confirm (1) 
that the development of feminine sexual behavior is inhibited by androgen exposure, (2) that such exposure occurs 
prenatally, (3) that the potential for feminine behavioral differentiation occurs prenatally as well as postnatally, and (4) that 
androgen acts perinatally to affect estrogen sensitivity in adulthood. 


Sexual differentiation Feminine sexual behavior 


IN 1959 Young and his colleagues [13] formulated an **organ- 
izational’’ hypothesis of hormone action: ** Androgenic sub- 
stances received prenatally have an organizing action on the 
tissues mediating mating behavior in the sense of altering 
permanently the responses females normally give as adults.”’ 
This hypothesis was based upon the finding that female 
guinea pigs exposed prenatally to testosterone were less re- 
sponsive to testosterone as adults. Similar studies with the 
rat later corroborated the ‘‘finding for guinea pigs and sup- 
port the hypothesis that prenatal androgen can permanently 
modify . . . reproductive behavior’’ [5]. That suppression of 
lordosis in males might reflect the action of endogenous 
androgens during prenatal development was suggested by 
the findings that antiandrogens given during prenatal devel- 
opment resulted in an enhancement of lordosis in males 
[11,19]. 

More recently it was found that normal female rats are 
also influenced by endogenous androgen prenatally. Females 
that developed near a male, in utero [2,4], or female fetuses 
located downstream from a male with regard to uterine blood 
flow [10] showed higher levels of masculine behavior as 
adults than other females. Further, adult female rats ex- 
posed, prenatally, to the antiandrogen, flutamide [6], or to an 
aromatization inhibitor [3,22] achieved higher levels of lor- 
dosis than controls, following treatment with estrogen. It is 





Lordosis 


Prenatal Development Flutamide 


suggested that normal females may be defeminized by 
aromatized steroids prenatally. 

Measurement of circulating testosterone levels in the rat 
fetus has shown that while males generally have higher levels 
of testosterone than females, female fetuses were exposed to 
testosterone during prenatal development [15, 16, 21]. It is 
not clear at this point whether the androgens in the female 
fetus come just from the male sibling in utero [4,10], from the 
mother [1], or from the female fetus itself as well. 

In the present experiment we were interested in delimit- 
ing the behavioral effects of prenatal exposure to tes- 
tosterone. While prenatal treatment with antiandrogens 
enhance lordosis [11,20], it is possible that prenatal 
antiandrogen treatments exert their ‘‘feminizing’’ effects on 
male offspring by remaining in fetal circulation postnatally 
and thereby decreasing the defeminizing influences of 
postnatal testicular secretions. Since, under normal circum- 
stances, male rats are exposed to androgen postnatally, the 
feminizing consequences of prenatal antiandrogen treatment 
could have resulted from postnatal antiandrogen effects in 
these animals. 

This paper reports on the feminine sexual behavior of 
animals exposed to the antiandrogen, flutamide, prenatally 
and to testosterone propionate (TP) postnatally. In this man- 
ner we hope to address the temporal aspects of feminine 
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behavioral differentiation as 
androgen exposure. 

Since prenatal treatment with flutamide appears to affect 
estrogen-sensitivity [6], behavioral responses to a variety of 
estrogen dosages were evaluated using lordosis quotient as 
an index of sexual receptivity. 


a consequence of early 


METHOD 


Animals 


Male and female rats born to Long-Evans mothers, com- 
mercially obtained (Charles River, Wilmington, MA) were 
housed under standard laboratory conditions in a reverse 
dark:light cycle (10 hr dark: 14 hr light; lights on at 1100 hr) 
with food and water available ad lib. Mothers were randomly 
assigned to one of several treatment conditions indicated 
below and housed singly in plastic cages (15x30x34 cm). 

Pups born to these mothers were handled at birth for 
measurement of body weight and ano-genital distance, and 
were then given their respective hormonal and surgical ma- 
nipulations. All mothers delivered normally after 22-23 days 
of gestation and showed no difficulties in lactation or paren- 
tal care. Pups were returned to their respective mothers, 
weaned at 21 days of age, and housed by sex and treatment, 
4-6 animals per cage (183650 cm). Postweaning surgical 
procedures and testing began at approximately 70 days of 
age. 


Prenatal and Postnatal Treatment 


In each of the following treatment groups, offspring were 
treated prenatally via their mother being given either 
flutamide (FLU) or vehicle (PROP; propylene glycol). All 
postnatal treatments were given to the individual offspring 
themselves. Hence, each treatment group combines prenatal 
exposure to a treatment (indicated first) with a later postnatal 
treatment (indicated second): (1) PROP-OIL, rats prenatally 
exposed to propylene glycol and receiving sesame oil injec- 
tion on the day of birth (Day 1), (2) PROP-TP, rats prenatally 
exposed to propylene glycol and receiving a single postnatal 
injection of 100 zg testosterone propionate (TP) on Day 1, (3) 
FLU-OIL, rats prenatally exposed to the anti-androgen 
flutamide (5 mg/day/mother) and receiving a single postnatal 
oil injection on Day 1, (4) FLU-TP, rats prenatally exposed 
to flutamide (as above) and receiving a single 100 ug TP 
injection on Day 1. 

Further, an additional group of males, PROP-INT, were 
prenatally exposed to propylene glycol vehicle and received 
no treatment postnatally. These animals served as intact 
controls to compare with TP-treated males. PROP and FLU 
were administered daily (0.1 ml) into the thigh of pregnant 
females from Day 10-22 of gestation. Postnatal injections 
(0.05 ml) were given to pups shortly after birth. Injection site 
in pups was the dorsal surface of the hind region. The needle 
shaft was then moved subdermally such that the needle tip 
deposited the injection in a pocket of the neck. The injection 
site was then sealed with flexible collodion, to prevent leak- 
age of either steroid or oil. 

All males were castrated on the day of birth prior to 
postnatal injection, except animals in the PROP-INT group. 
All females retained their gonads until adulthood. 


Surgical Procedures 


Because of the potent demasculinizing influences of 
flutamide on genital morphology [4] males and females born 
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to mothers treated with flutamide (FLU) were indistinguish- 
able from one another at birth. Therefore, such animals were 
laparotomized at birth and sexed according to the presence 
of either testis or ovary. Neonatal castration and laparotomy 
were performed with the aid of a dissecting stereo micro- 
scope under cryo-anesthesia. The abdominal wound was 
sealed with silk suture and flexible collodion. Animals were 
warmed on a heating pad before being returned to their re- 
spective mothers. 

Castration of PROP-INT males was performed at 70 days 
of age utilizing a trans-scrotal approach; females were 
ovariectomized with a bilateral flank approach. Adult 
gonadectomies were performed under ether anesthesia. A 
two week post-surgical recuperative period intervened be- 
fore the start of behavior testing. 


Behavioral Testing Procedure 


Male and female rats were tested for the display of lor- 
dosis in response to adult treatment with either estrogen and 
progesterone (EB plus P) or with estrogen alone (EB only). 

Each animal’s behavioral sensitivity to estrogen was as- 
sessed with varying doses of estradiol benzoate (EB). The 
experimental animal received daily injections of a given dose 
of EB 72, 48 and 24 hr before the test. Progesterone (P; 500 
ug) was then given 4 hr before the onset of behavioral testing 
in EB plus P tests; no P injection is given in tests with EB 
only. Testing the animal consisted of placing it in a Plexiglas 
testing arena (45 x 50x 48 cm) already occupied by a sexually 
vigorous stud male. The behavioral response of the experi- 
mental animal, lordosis, was characterized by a deep ventral 
arching of the back with dorsal elevation of the head and 
neck, and lateral tail deflection. This posture of lordotic re- 
ceptivity was measured in response to 10 mounts by the stud 
male. Lordosis was then quantified using the lordosis quo- 
tient: LQ=number of lordoses in response to ten mounts/10 
mounts X 100. Only vigorous mounts with pelvic thrusting 
were used in recording these data. 


Tests for Lordosis 


Males and females. Female rats in the following groups: 
PROP-OIL, n=12; PROP-TP, n=12; FLU-OIL, n=6 and 
FLU-TP, n=6 and male groups: PROP-INT, n=17; PROP- 
OIL, n=10; PROP-TP, N=14; FLU-OIL, n=11; and FLU- 
TP, n=17 were tested for lordosis in response to EB plus P 
as described above at each of the following dosages of EB: 
0.1, 0.175, 0.25, 0.5, 1, 2 and 10 wg. Progesterone (500 yg) 
was given to each animal 4 hr before the start of behavior 
testing. Animals were tested once per week at each dosage of 
EB from highest to lowest. In this design all animals were 
tested at all dosages of EB. On one test (1.0 ug EB), testing 
of FLU-TP males was inadvertently omitted. 

Tests for lordosis in response to estrogen without the ad- 
dition of progesterone (EB only) were begun 4 weeks later. 
Animals were treated at 2 and 10 wg dosages of EB. Tests 
were conducted once a week with each dose given on two 
consecutive weeks. Thus, both males and females were 
tested twice at 2 wg EB and twice at 10 wg EB in that order. 


Statistical Analyses 


Behavioral data were analyzed with multiple and one-way 
analyses of variance [12]. Group comparisons were made a 
posteriori with a Student-Newman-Keuls test (SNK) [12,24]. 
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FIG. 1. Mean lordosis quotients in response to varying dosages of 
estradiol benzoate (EB) in female rats prenatally exposed to either 
flutamide (FLU) or vehicle (PROP) and postnatally treated with 
either 100 wg testosterone propionate (TP) or OIL vehicle. Animals 
tested for lordosis 4 hours after administration of 500 yg 
progesterone. All values expressed as Mean+S.E.M. Asterisk (*) 
indicates significantly different (o><0.05) compared to respective 
controls. 


Specific comparisons were analyzed with paired f-tests [12] 
and are indicated where appropriate in the text. 


RESULTS 


Females 


Estrogen with progesterone. Female rats prenatally ex- 
posed to flutamide and receiving oil at birth (FLU-OIL) dis- 
played significantly greater lordosis quotients (LQ’s) com- 
pared to controls (PROP-OIL) in response to treatment with 
EB plus P at EB dosages of 0.175 and 0.25 wg (SNK, p<0.05; 
Fig. 1). Females receiving flutamide prenatally and testos- 
terone postnatally (FLU-TP) showed significantly greater 
LQ’s than their respective control group (PROP-TP) at the | 
ug EB dosage (SNK, p<0.05). At all dosages, TP-treated 
females showed significantly lower lordosis quotients than 
OIL-treated females (p<0.05). All other appropriate com- 
parisons did not achieve statistically significant differences. 

Estrogen only. When tested for lordosis in response to 
estrogen treatment alone, female rats in the FLU-OIL treat- 
ment condition displayed significantly greater LQ’s than 
PROP-OIL females on both tests at 2 wg EB and on the 
second 10 wg EB test (SNK, p<0.05; Fig. 2). Overall 
analysis of variance revealed a significant effect of treatment 
on the first and second 2 wg EB tests, F(3,29)=2.99, p<0.03 
and F(3,29)=54.06, p<0.001, respectively; and on both 10 wg 
EB tests, F=50.59, p<0.001 and F(3,29)=44.75, p<0.001, 
respectively. Group comparisons revealed FLU-TP females 
to be significantly greater in LQ’s than PROP-TP females at 
the second 2 wg EB test and on both 10 wg EB tests (SNK, 
p<0.01). 

Overall probability of lordosis behavior in response to EB 
alone can be summarized among groups as follows: FLU- 
OIL>PROP-OIL>FLU-TP>PROP-TP. 


Males 
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FIG. 2. Lordosis quotients in female rats tested in adulthood with 
estradiol benzoate treatment. See Fig. 1 for description of groups. 
*p<0.05; **p<0.01. 
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FIG. 3. Lordosis behavior in male rats prenatally exposed to either 
flutamide (FLU) or vehicle (PROP) and given either 100 zg TP or 
OIL on Day of birth. All animals castrated at birth except for 
PROP-INT males which represent intact controls. Tests for lordosis 
conducted over a range of estradiol benzoate (EB) dosages in con- 
junction with progesterone treatment. Number of animals per group 
indicated in parentheses. See text for details on group comparisons. 
All values expressed as Mean+S.E.M. *p<0.05; PROP-OIL com- 
pared to FLU-OIL; FLU-TP compared to PROP-TP. 


progesterone treatment. The display of lordosis in male rats 
was significantly influenced by prenatal and postnatal treat- 
ments at all dosages of EB tested (Fig. 3). Overall, animals 
postnatally treated with TP displayed lower lordosis quo- 
tients than OlIL-treated animals at all dosages of EB 
(p<0.01). Significant treatments effects by EB dose are as 
follows: 0.1 yg, F(4,64)=4.41, p<0.01, 0.175 yg, 
F(4,64)= 12.45, p<0.006; 0.25 wg, F(4,64)=121.35, p<0.001; 
0.05 pg, F(4,64)=24.97, p<0.001; 1 pug, F(4,64)=65.48, 





PROP-OIL & (10) 
FLU- OIL & (I!) 


FLU- TP © (17) 


n 
oO 


PROP-INT © (17) 


MEAN LORDOSIS QUOTIENT 


PROP-TP wf (14) 








TEST WEEK: 
2ug 10 ug 


DOSAGE of ESTRADIOL BENZOATE 
WITHOUT PROGESTERONE 


FIG. 4. Mean lordosis behavior in male rats tested in adulthood with 
estradiol benzoate only. See text and Fig. 3 for details on groups and 
testing conditions. Statistical comparisons can be summarized as 
follows: FLU-OIL=PROP-OIL > FLU-TP > PROP-INT=PROP- 
TP, p<0.05 at all dosages of EB (*indicates only test where FLU- 
OIL differed from PROP-OIL, p<0.05). 


p<0.001; 2 yg, F(4,64)=33.16, p<0.001; and 


10 pg, 
F(4,64)= 15.87, p<0.001. 

Group comparisons revealed that males prenatally ex- 
posed to flutamide, castrated at birth and given oil (FLU- 
OIL) showed significantly greater lordosis behavior than 
corresponding control males (PROP-OIL) at the 0.175 ng EB 
dosage (SNK, p<0.05). Males treated with flutamide prena- 
tally, castrated at birth and given testosterone at birth 
(FLU-TP) displayed significantly greater LQ’s than males 
which did not receive antiandrogen prenatally (PROP-TP 
and PROP-INT) when tested at 0.25, 0.5, 2 and 10 wg EB 
dosages (Fig. 3; p<0.05). All other appropriate group com- 
parisons were not significantly different. 

Lordosis behavior in response to treatment with estrogen 
only. Group comparisons within each dosage and test re- 
vealed that males prenatally exposed to flutamide, castrated 
and treated with oil at birth (FLU-OIL) displayed signifi- 
cantly greater LQ’s than controls (PROP-OIL) on the first 2 
ug EB test (SNK, p<0.05) (Fig. 4). All other comparisons 
between FLU-OIL and PROP-OIL males on tests with es- 
trogen alone were not significantly different. 

However, males prenatally exposed to flutamide, cas- 
trated and given testosterone at birth (FLU-TP) displayed 
significantly greater LQ’s than PROP-TP controls at the 2 ug 
and 10 wg EB tests (SNK, p<0.05). FLU-TP males also 
showed greater lordosis quotients than PROP-INT controls 
at both 2 wg and 10 wg EB tests (SNK, p<0.05) but showed 
less lordosis than FLU-OIL and PROP-OIL males (SNK, 
p<0.05). PROP-INT males were not different than PROP-TP 
males at either 2 or 10 wg EB dosages (SNK p>0.05). 

Significant treatment effects by EB dosage are as follows: 
2 pg, Test I, F(4,64)=4.83, p<0.002; 2 wg, Test II, 
F(4,64)=25.21, p<0.001; 10 wg, Test I, F(4,64)=23.36, 
p<0.001; and 10 wg, Test II, F(4,64)=11.49, p<0.001. 
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Comparison of LQ in tests with EB alone and tests with 
EB plus P revealed that FLU-TP males showed greater LQ’s 
in tests with EB plus P over tests with EB alone (paired 
t-test, f=2.17, 16, p<0.045, two-tailed) suggesting a possible 
progesterone facilitation of lordosis on flutamide-treated 
animals at the 10 wg EB test. No significant differences in EB 
alone vs EB plus P tests occurred for other groups at the 
dosages of EB tested p<0.10, one-tailed). 


DISCUSSION 


These results confirm and extend earlier reports on the 
ability of endogenous androgen to prenatally inhibit the de- 
velopment of feminine sexual behavior in male [11,19] and 
female rats [6,20]. Administration of the antiandrogen, 
flutamide, to pregnant rats blocked the prenatal inhibitory 
consequence of androgen on the development of feminine 
sexual behavior. Further, it appears that the inhibition of 
feminine sexual behavior by prenatal exposure to androgen 
manifests itself as a decreased responsiveness to estrogen in 
adulthood. Male and female rats protected from the de- 
feminizing consequences of early androgenic exposure show 
greater levels of lordosis at lower dosages of estrogen in 
adulthood than do control animals (animals not treated with 
flutamide, and therefore exposed to the defeminizing actions 
of androgen). 

As others have repeatedly shown, neonatally an- 
drogenized females in the present study showed markedly 
reduced lordosis quotients when compared to control 
females at all dosages of EB greater than 0.1 wg (Figs. 1 and 
2). However, when prenatal flutamide was administered to 
mothers and the offspring were later androgenized with TP, 
the offspring showed lordosis quotients higher than females 
postnatally androgenized (PROP-TP group). These data 
demonstrate that considerable feminine sexual behavior de- 
velopment occurs prenatally and that removal of the inhibi- 
tory influence of prenatal androgen (via flutamide adminis- 
tration) allows for the development of feminine behavior that 
can be only partially interrupted by postnatal androgen 
treatment. 

Endogenous prenatally occurring androgens in the male 
originate from the testes [14] thus providing, for the male, a 
natural source of defeminizing hormone. The occurrence of 
prenatally defeminizing androgens in the female may result 
from androgen secreted by neighboring male fetuses in utero 
{2, 4, 10]. This phenomenon has also been reported for sev- 
eral measures of androgen-influenced morphology and be- 
havior in mice [18]. 

It is possible that the greater behavioral responsiveness of 
FLU-TP males over that of PROP-TP animals resulted from 
prenatally administered flutamide remaining in the circula- 
tion postnatally, thereby acting directly as a postnatal 
antiandrogen. While not directly assessed in this study, this 
possibility appears unlikely. Studies in humans have shown a 
rapid absorption and excretion of flutamide via kidneys 
(within one hour of administration) with only 2.5% radioac- 
tive flutamide remaining in circulation one hour later [9]. In 
addition, in the adult rat large quantities of flutamide (25 
mg/rat/day) inhibit some but not all actions of 100 wg TP on 
masculine sexual behavior [8,17]. Given the large dosages of 
flutamide needed to affect adult rat sexual behavior, and the 
likelihood of rapid clearance from circulation, it seems un- 
likely that whatever quantities of flutamide available to an 
animal prenatally, remained postnatally to block the de- 
feminizing actions of exogenously administered TP. 





PRENATAL ANDROGEN/FEMALE SEXUAL BEHAVIOR 


The development of feminine sexual behavior is inhibited 
not only by exposure to androgen during differentiation. 
Postnatal treatment of female and castrated male rats with 
estradiol can also result in the inhibition of feminine sexual 
behavior in adulthood. The idea that testosterone influences 
defeminization as a result of its conversion to estradiol (E) 
(the so-called ‘‘aromatization hypothesis’’) has been well 
documented (for review, see [23]). Previously we have 
shown that aromatization may play a role in defeminizing 
male and female rats prenatally [3]. Prenatal administration 
of ATD, a compound that prevents conversion of T to E, 
resulted in offspring showing enhanced lordosis as adults in 
response to EB treatment. That is, by interrupting aromati- 
zation in the fetus, the defeminizing consequences of 
androgen were blocked. Since then, other workers have 
demonstrated similar findings regarding feminine behavioral 
development with prenatal ATD treatments [22]. Possibly 
flutamide itself may function as an aromatization inhibitor. 
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There is indirect evidence for this argument. In the adult, 
testosterone is known to stimulate lordosis, an estradiol- 
dependent behavior, presumably by the conversion of T to 
E. Concurrent administration of flutamide with T diminishes 
the probability of lordosis behavior in female rats [7] suggest- 
ing that flutamide may act as an aromatization inhibitor. 
However, other than flutamide’s action as an androgen 
receptor-antagonist, direct biochemical evidence for other 
mechanisms of action for flutamide are unavailable at this 
time. 
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SANDNER, G., P. SCHMITT AND P. KARLI. Effect of medial hypothalamic stimulation inducing both escape and 
approach on unit activity in rat mesencephalon. PHYSIOL. BEHAV. 292) 269-274, 1982.—The activity of central gray 
(CG) neurons was previously shown to be affected by medial hypothalamic (MH) stimulation, and the discharge rate 
alterations were found to be often closely correlated with the vigor of the stimulation-induced escape responses. Since MH 
stimulation induces not only escape responses but also approach responses, this allowed a further investigation of the 
degree of specificity of the correlation between stimulation-induced neuronal activity and escape responses. Out of 129 CG 
units studied (in 39 rats), 26 clearly responded to the MH stimulation. When the stimulation parameters were varied, the 
mean discharge rate alterations of 9 units located in the dorsal part of the mesencephalic CG proved to be closely correlated 
exclusively with the alterations that affected the stimulation-induced escape responses. Furthermore, the variation of the 
most frequent interspike interval (modal ISI) proved to be closely correlated with the variation of the escape response in 3 
instances in which the mean discharge rate showed no such correlation. In a few instances (2 units located much more 
ventrally, the spike rate alterations were closely correlated only with the alterations that affected the approach responses. It 
is suggested that neuronal activity in the dorsal part of the CG is rather specifically implicated in the generation of MH 
stimulation-induced aversive effects and escape responses. 
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WHEN applied to the medial hypothalamus (MH) or to the 
mesencephalic central gray (CG), an electrical stimulation 
induces flight responses in various mammalian species [1, 2, 
9, 13, 31, 32]. The rat is known to learn readily an instrumental 
behavior that allows termination of the aversive effects in- 
duced by such a stimulation [6,26]. 

The two periventricular structures considered, namely 
MH and CG, are anatomically interconnected [4, 10, 11, 22]. 
There also clearly exist functional interrelations between 
these two brain structures whose activation induces aversive 
effects. On the one hand, stimulation applied simultaneously 
to MH sites and CG sites was found to mutually potentiate 
the stimulation-induced escape responses [26]. Conversely, 
lesions placed in one of the two structures were found to 
affect escape responses induced by stimulation applied to the 
other structure ({25], and unpublished personal data). 

The activity of MH neurons was shown to be affected by 
CG stimulation [16,20] and, conversely, the activity of CG 
neurons was shown to be affected by MH stimulation [7, 12, 
20]. Moreover, we found the quantitative changes induced in 
the activity of a number of CG units to be closely correlated 
with the vigor of the escape responses induced by the same 
MH stimulation [20]. 

When neuronal activity proves to be correlated with a 





certain stimulation-induced behavior, a major question that 
arises concerns the extent to which this activity is specific- 
ally related to the elaboration of that behavior. Stimulations 
applied to the MH happen to induce not only escape re- 
sponses, but also other overt behaviors [9, 13, 30] such as 
actual approach responses [1, 3, 15]. Since an appropriate 
experimental procedure allows one to record and assess si- 
multaneously the stimulation-induced escape responses and 
approach responses, it is thus possible to check whether the 
response of the activated CG neurons is actually much more 
closely correlated with the escape response than it is with the 
approach response induced by one and the same MH stimu- 
lation (see [24,29]). 

A peripheral nociceptive stimulation affects also the ac- 
tivity of certain CG neurons [8,18]. The question thus arises 
as to whether the effects produced by MH stimulation and by 
peripheral nociceptive stimulation, respectively, might con- 
verge on certain CG neurons. 


METHOD 


Thirty-nine male Wistar rats weighing between 350 and 
400 g were used. They were housed in individual cages 
throughout the experiment and given food and water ad lib. 
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Surgery 


The animals were anesthetized with pentobarbital (40 
mg/kg IP). A pair of tightly coupled stainless steel electrodes 
for bipolar stimulation, enamelled except at the tip (150 wm in 
diameter), was implanted by means of a stereotaxic appara- 
tus in the right medial hypothalamus (MH). The following 
coordinates were used, the head being horizontal and the 
lambda serving as the reference: anterior: 4.5 mm; lateral 
right: 0.5 to 1.0 mm; depth: 8.0 to 9.0 mm. 

Two frontal and two occipital screws anchored a mi- 
croconnector fastened with dental cement. One of the pins of 
the microconnector was connected to one of the screws, and 
the others were connected to the implanted electrodes. 


Behavioral Measurements 


Two weeks after surgery, the rats were first tested in their 
home cage. They were stimulated at increasing intensities or 
frequencies through the pair of electrodes and the resulting 
behavior was observed. A train of 0.1 msec pulses was used 
for stimulation. The intensity (1) and/or the interpulse inter- 
val (IPI) were varied, namely I between 0 and 500 A and IPI 
between 65 and 5 msec. The stimulation was monitored by 
means of an oscilloscope (Tektronix 5103, differential input) 
shunted with a 100 kO resistor placed between the isolation 
output unit of the stimulator (Pulsar 41, Frederich Haer and 
Co.) and one of the electrodes. Twenty rats were selected on 
the ground that the stimulation elicited an ‘‘aversive behav- 
ior’’ such as attempts to escape by running around in the 
cage or by jumping out of it, and/or an ‘‘appetitive behavior”’ 
such as food-carrying, sniffing or licking around in the cage. 

Each selected animal was then placed in a Plexiglas 
chamber (length 45 cm, width 21 cm, height 36 cm). An 
infrared photobeam crossed this chamber 8 cm from each 
end (at a height of 3 cm). 

By running from one photobeam to the other, the animal 
could switch-off the stimulation if the stimulation was on, 
or switch it on if it was off. If the animal stayed more than 40 
sec in front of one of the photocells, the stimulation device 
was manually reversed after a resting period of 40 to 50 sec. 
The experiment was started manually, the animal being 
placed in front of one of the photocells. 

The rats were trained for two weeks, 3 hours daily for 
each stimulation site. We measured both the time that 
elapsed between onset and offset of the stimulation, calling it 
escape latency (e/)}—1/e/ being the mean escape speed (es }— 
and the time that elapsed between offset and onset of the 
stimulation, calling it approach latency (a/)—l/al being the 
mean approach speed (as). If e/ or al was greater than 40 sec, 
i.e., when there was no escape or no approach, es or as was 
considered to be 0. At the end of the training period, we 
chose an intensity that would elicit a maximal es or as at a 
10 msec interpulse interval (IPI). When es or as came down 
to 0 at an IPI around 35 msec, the IPI was altered in the 
actual experiment by 5 msec steps. When es or as came 
down to 0 at an IPI of 60 msec, 10 msec IPI steps were used 
instead. We varied mainly the IPI in these experiments so 
that the stimulated brain area would not vary [28,33]. Still, in 
order to be in a position to compare the results obtained with 
the previous ones [20], five intensity steps were also tested at 
a 20 msec IPI in two rats between those eliciting maximum es 
or as and those eliciting no longer any es or as. 

The es or as values obtained for each stimulation site 
were calculated from 10 daily measurements carried out for 
each one of the randomly applied stimulation parameters. 
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The results collected from five daily sessions were then 
added up. Two days after completion of these behavioral tests 
unit activity was recorded in the same animals. 


Unit Recordings 


Each animal was sedated with pentobarbital (20 mg/kg 
IP). Xylocaine (2%) was injected into the skin around the 
ears, the snout and the surgical fields. As only a small dose 
of pentobarbital was used, the efficiency of the local 
anesthesia could be tested by applying nociceptive stimuli. 
Moreover, previous observations had shown such xylocaine 
injections to be effective for more than one hour. The animal 
was fixed into the stereotaxic apparatus after tracheal canu- 
lation, immobilized with gallamine triethiodide (40 mg every 
2 hours), artificially ventilated, and xylocaine was locally 
injected every hour. 

Microelectrodes were made out of triple barrelled mi- 
cropipettes with an inner glass fiber (tip of each barrel 5-8 
ym). One of them was filled with sodium acetate (0.5 M) and 
Pontamine Blue (2%); its impedance measured at 1500 Hz 
AC was found to lie between | and 5 MQ). Microion- 
tophoresis of glutamate contained in another barrel was used 
to detect silent neurons [5]. A retaining current was used (10 
nA). The actual experiments were performed 2 hours after 
the injection of pentobarbital. The sodium acetate containing 
electrode was used as recording electrode by connecting it 
through a platinum wire to an amplifier (x 4000), a filter 
(500-10,000 Hz+3 dB), an analogue tape recorder (Schlum- 
berger MP 5521) and an oscilloscope (Tektronix 5111). A 
headphone was used to listen to the discharge rate without 
disturbing the animal. The microelectrode was lowered into 
the CG through a hole (3 mm in diameter) in the skull, at the 
following coordinates, the lambda serving as the reference: 
anterior: 1.0 mm; lateral left: 1.5 mm. It was lowered 4.0 mm 
from the upper surface of the brain with a 10° to 15° angle 
rightwards. The microelectrode was then driven from this 
point with a microdrive (precision | wm). When the tip of the 
microelectrode was moved, the height of the spike progres- 
sively increased and decreased so that it was easy to distin- 
guish one spike from any other. Spikes were recorded only if 
the signal to noise ratio was greater than 3/1. After suppres- 
sion of the stimulus artifacts by an electronic switch, the 
spikes were fed into the tape recorder and into a counter 
through a window discriminator. The counter was connected 
to a graphic plotter through a digital to analog converter so 
that the evolution of the spike rate, averaged over | second, 
could be appraised during the experiment. After each mov- 
ing of the microelectrode, stimulation was delivered through 
the pair of MH electrodes, at I and IPI known to give either 
the greatest as or the greatest es (0.1 msec pulses, 5 or 10 sec 
train duration). Five—sometimes 6—IPI were then tested for 
each stimulation electrode several times only if a neuron 
seemed to alter its discharge rate during the stimulation. If 
the spike was held long enough, tail pinches, left paw 
pinches and touches were also tested. The tail pinches con- 
sisted in strong squeezes applied to the middle '/s of the tail 
with a serrated forceps. This we knew to elicit squealing and 
biting toward the instrument in the freely moving rat, while 
holding simply the tail, used as control touches, did not elicit 
such behavior. 


Data Analysis 


By means of an electronic computer we measured each 
interspike interval (ISI) (a detailed description of the method 
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FIG. 1. Temporal course of central gray unit activities (two examples: units GS 4406 and GS 4708) as 
affected by a medial hypothalamic (MH) stimulation. Ordinate: discharge rate in spikes/sec; abcissa: 
summation of spikes over | sec or 2 sec successive time intervals. The horizontal black bar indicates the 
duration of the MH stimulation. IPI means interpulse interval. 


is given in [21]), and the results of the subsequent computa- 
tions were compared to the data obtained in the behavioral 
measurements, as was done previously [20]. 


RESULTS 


Behavioral Data 


Each of the 20 rats studied both stopped the stimulation 
and spontaneously restarted it for at least one of the tested 
combinations of stimulation parameters. The e//al ratio [24] 
lay between 0 and 4.0 (mean 0.6) for the following param- 
eters: I: 150 wA, IPI: 20 msec. 

For one stimulation site only, the variation of es proved to 
be correlated with that of as when the IPI was varied 
(p <0.05) [27]. No significant correlation was found for any 
other stimulation site. This lack of correlation reflects the 
fact that es rose from 0 to 90 per cent of its maximum when 
the IPI was gradually reduced from 60 to 10 msec, whereas a 
more limited range of IPI values was sufficient for as to 
change to the same extent. 


Unit Activity 

The recordings concerned 126 units. The mean spontane- 
ous discharge rates lay between 0 and 54.8 spikes/sec. 

In 26 out of the 126 instances, the CG unit activity was 
altered by the MH stimulation. In just one instance the dis- 
charge rate was reduced during the MH stimulation, which 
means that the alterations observed consisted almost exclu- 
sively in activations. One single unit was activated syn- 
chronously by the stimulating pulses, but without any fixed 
latency. The temporal course of the alterations observed fell 
into one of the following three categories (Fig. 1): gradual 
increase in discharge rate following onset of MH stimulation 
(13/26); almost instantaneous increase in discharge rate fol- 
lowing onset of MH stimulation (5/26); alteration that varied 
from one recording to another and that could not be clearly 
characterized (no example of the latter category is shown on 
Fig. 1). 


Correlations Between Behavioral Responses 
and Unit Activity 

When the IPI was varied, the alterations of the mean 
discharge rate proved to be significantly correlated in 9/26 
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FIG. 2. Unit activity (in central gray) and behavior (escape or ap- 
proach) as affected by a medial hypothalamic (MH) stimulation 
applied with a varying interpulse interval (IPI). Ordinates: the stars 
stand for the mean discharge rate in spikes/sec (the symbol S indi- 
cates, for each unit, the discharge rate before the onset of the MH 
stimulation); the filled triangles stand for the mean escape speed 
expressed in per cent of its maximum value; the open triangles stand 
for the mean approach speed expressed in per cent of its maximum 
value. Abcissa: interpulse interval (IPI) in msec characterizing the 
applied MH stimulation. For each unit, the correlation coefficient (r) 
between its discharge rate and the stimulation-induced escape or 
approach behavior is indicated on the right of the relevant symbols. 
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FIG. 3. Comparison of the mean discharge rate of unit GS 4302 as 
well as of the modal interspike interval (M ISI) within that same unit 
discharge with the escape behavior induced by a medial hypotha- 
lamic (MH) stimulation applied with increasing intensity (two graphs 
at the bottom). The upper graph shows a series of probability density 
functions (Pdf) for the interspike intervals (ISI) in msec within the 
spike train. Curves 1, 2, 3 and 4 concern the unit discharge before, 
curves 5 and 6 (light and dark hachured) concern the unit discharge 
during, and curve 7 concerns the unit discharge after, application of 
the MH stimulation (intensity: 100 4A; pulse duration: 0.1 msec; 
interpulse interval: 20 msec). The modal ISI (M ISI) is the most 
probable interspike interval (notice the shift occurring during the 
MH stimulation). The lower left graph shows the modal interspike 
interval (M ISI) of the unit discharge (stars joined by broken line; 
the symbol S indicates the M ISI before the onset of the MH stimu- 
lation) and the mean stimulation-induced escape speed (expressed in 
per cent of its maximum value; filled triangles) as a function of the 
intensity (in wA) of the applied MH stimulation. The correlation 
coefficient (r) between M ISI and escape behavior is indicated on the 
right of the graph. The lower right graph shows the mean discharge 
rate in spikes/sec (the symbol S indicates the rate before the onset of 
the MH stimulation) as a function of the intensity (in wA) of the 
applied MH stimulation. The correlation coefficient (r) between 
mean spike rate and stimulation-induced escape behavior is indi- 
cated on the left below the graph. 


instances with the changes in es, and in 2/26 instances with 
the changes in as, exclusively (Fig. 2). In just one instance 
the discharge-rate alterations correlated with both the 
changes in es and the changes in as (p<0.05). Furthermore, 
in those two instances in which both the stimulation intensity 
and then the IPI were varied, the mean discharge rate proved 
to be correlated with es whichever stimulation parameter 
was being varied. 
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The distribution of interspike intervals (ISI) within the 
neuronal discharge was studied with the method of Sander- 
son and Kobler [19] which provides a powerful means to 
estimate an ISI probability density function (Pdf). This spike 
train analysis aimed at possibly identifying a particular type 
of discharge for those neurons whose activity proved to be 
correlated with the escape behavior and/or at possibly un- 
covering some correlation between the modal ISI and that 
same behavioral response. 

Among those units whose activity proved to be correlated 
with either escape or approach behavior, the probability 
density function of spontaneous neuronal discharges varied 
greatly from a monomodal shape that came close to a Gaus- 
sian (2/12) or to a Poisson (4/12) Pdf over to a plurimodal 
shaped Pdf (3/12) with one mode being predominant. In three 
instances, the spontaneous discharge rate was too low to be 
characterized. 

During the medial hypothalamic (MH) stimulation the 
modal ISI of neuronal spike trains whose mean rate was 
correlated neither with the escape nor with the approach 
behavior, made a shift whose extent proved to be correlated 
with the escape behavior in 3 instances and with the ap- 
proach behavior in | instance (Fig. 3). 


Peripheral Stimulation 


In 12 out of the 126 units that were studied for their re- 
sponsiveness to MH stimulation, the effects of tail pinches as 
well as of non-nociceptive tactile stimulation were also in- 
vestigated. In 8 out of these 12 instances, tail pinches but not 
tactile stimulation provoked an increase in firing rate. The 
activity of only 3 out of these 8 units was affected by the MH 
stimulation, the increase in firing rate being correlated with 
the vigor of the stimulation-induced escape response. It is 
worth adding that out of the 4 units that responded neither to 
the tail pinches nor to the tactile stimulation, 2 responded to 
the MH stimulation with an increase in activity that was also 
correlated with the stimulation-induced escape response. 


Topography of Activated Units 


Figure 4 shows that a rather high density of neurons 
whose activity was correlated with the MH stimulation- 
induced escape behavior prevails in the dorsal part of the 
central gray. The few neurons whose activity was correlated 
with the stimulation-induced approach behavior are located 
more ventrally. 


DISCUSSION 


The results obtained in this study are in agreement with 
those obtained previously in that they confirm that a medial 
hypothalamic (MH) stimulation is likely to activate neurons 
located in the dorsal part of the mesencephalic central gray 
[12,20]. In the present study, only diffusely activated central 
gray (CG) neurons were analyzed. The increase in mean fir- 
ing rate was often found to be closely correlated with the 
vigor of the MH stimulation-induced escape response, but 
much less so with the vigor of the approach response in- 
duced by the same MH stimulation. The activity of a few 
neurons was found to be closely correlated with the vigor of 
the stimulation-induced approach response, and these 
neurons were located more ventrally in the central gray. In 
this respect, it is worth recalling that self-stimulation is easily 
obtained in the ventral part of the central gray [23] and that 
lateral hypothalamic self-stimulation activates neurons in the 
ventro-lateral region of the mesencephalon [7,17]. As for 
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FIG. 4. Medial hypothalamic stimulation sites (open circles) and central gray recording sites drawn on three 
frontal planes of the K6nig and Klippel atlas [14]. Each recording site is shown with a symbol which refers to the 
way in which the unit activity was affected by a central (medial hypothalamic) or peripheral (tail pinch) stimula- 
tion: 0) not responsive to medial hypothalamic (MH) stimulation; © discharge rate altered during MH stimulation, 
but alteration uncorrelated with stimulation-induced escape or approach behavior; VW discharge rate alteration 
correlated with MH stimulation-induced escape behavior (unit activities affected in this way in the previous 
study(see [15]) were added to those recorded in the present study); A discharge rate alteration correlated with 
MH stimulation-induced approach behavior; * discharge rate altered by tail pinches exclusively. 


those units whose mean discharge rate was not correlated 
with any of the stimulation-induced behavioral responses, it 
appeared that in some instances another characteristic of the 
spike train—namely the modal interspike interval (modal 
1SI])—was correlated with the behavior induced. The shift of 
the modal ISI was found to be correlated either with the 
stimulation-induced escape response or with the stimula- 
tion-induced approach response. Whether one considers the 
increase in mean firing rate or the shift of the modal ISI, it 
should be stressed that the change affecting the neuronal 
activity was in every case much more closely correlated with 
one of the two MH stimulation-induced behavioral responses 
and much less so with the other. 

Taken together with the results obtained in previous 
studies (see introductory section), the results obtained in the 
present study suggest that neuronal activity in the dorsal part 
of the central gray is related to the generation of the escape 


response induced by MH stimulation, and that this activity 
does not just reflect a non-specific behavioral arousal. 

The CG is known to contain also neurons whose activity 
is affected by peripherally-applied nociceptive stimulations 
[8,18]. However, such a nociceptive stimulation does not 
affect the activity of all the CG neurons that respond to a MH 
stimulation. Obviously, the two stimulations—peripheral 
and central—do not bring into play one and the same popu- 
lation of neurons within the CG. 
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ROBERTSON, A., A. LAFERRIERE AND P. M. MILNER. Treatment with anticonvulsant drugs retards the develop- 
ment of brain-stimulation reward in the prefrontal cortex. PHYSIOL. BEHAV. 29(2) 275-280, 1982.—Electrical stimula- 
tion of the medial prefrontal cortex in rats daily for nine days caused a marked improvement in the rate of acquisition of a 
self-stimulation response. Diazepam (1 mg/kg, IP) or phenobarbital (15 mg/kg), but not phenytoin (25 mg/kg), administered 
during the nine day period of electrical stimulation, attenuated this facilitatory effect. However, diazepam or phenobarbital 
in the same dosages administered to self-stimulating rats (i.e., after acquisition) failed to alter responding. It was suggested 
that a kindling-like mechanism may underlie the development of self-stimulation of the prefrontal cortex. 


Prefrontal cortex Diazepam Reward 


DESPITE considerable research, there is still little informa- 
tion available on the nature of the neural mechanisms con- 
trolling self-stimulation behavior and on whether these 
mechanisms are common to all self-stimulation sites in the 
brain. However, since the initial demonstration of self- 
stimulation of the dorsomedial part of the prefrontal cortex 
(PFC) [26], experiments have indicated that self-stimulation 
of this site appears to involve a different neural substrate 
than self-stimulation of more frequently tested areas such as 
the lateral hypothalamus. Thus a number of manipulations 
(including food deprivation, amphetamine administration 
and changes in suprathreshold current intensity) have quite 
different effects on self-stimulation of these two areas [8, 10, 
23]. Moreover, it has been shown that the rate of acquisition 
of self-stimulation of the PFC is slow compared to acquisi- 
tion of self-stimulation of the lateral hypothalamus, which 
typically procedes very quickly [6]. This suggests that in the 
PFC, but not the lateral hypothalamus, an initially non- 
rewarding stimulus becomes rewarding only after repeated 
presentation, an interesting observation in view of the pro- 
posed role of this structure in certain complex behaviors and 
in learning (e.g., [9,28]). 

That repeated stimulation of the PFC is necessary to 
make electrical stimulation rewarding is further demon- 
strated by the fact that programmed (non-contingent) stimu- 
lation delivered daily to naive rats with PFC electrodes for 





Self-stimulation 


Phenytoin Kindling Phenobarbital 


several days will significantly facilitate later acquisition of 
self-stimulation [5]. This suggests that electrical stimulation 
repeated over time may cause some relatively permanent 
change in PFC function so that stimulation becomes able to 
produce behaviorally significant effects. Such a process 
seems at least superficially related to the kindling effect, 
in which daily electrical stimulation of any of several dif- 
ferent brain areas, including the PFC, causes the gradual 
evocation of electrographic afterdischarges, with a con- 
comitant lowering of the stimulation threshold necessary to 
evoke these afterdischarges [7, 16, 17, 21]. Motor seizures 
are somewhat inconsistently associated with kindling of cor- 
tical sites [18,19] and may not be closely associated with 
epileptic afterdischarges [15]. Certainly repeated self- 
stimulation of the medial PFC in rats (with 0.5 sec, 60 Hz 40 
uA RMS sine wave) rarely results in development of behav- 
ioral seizures (personal observation). 

Thus it is possible that a kindling type of mechanism 
might underlie the gradual development of self-stimulation of 
the PFC. If this is true, then it should be possible to retard 
the acquisition of self-stimulation by administering a drug 
that interferes with the development of kindling. Two groups 
of drugs known for this property are benzodiazepines such 
as diazepam [20,29] and barbiturates such as phenobarbital 
[3, 14, 29]. Phenytoin (diphenylhydantoin), in common with 
diazepam and phenobarbital, is well known as an anticonvul- 
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sant drug [11] but its efficacy in retarding the development of 
kindling at limbic sites, of which the medial PFC, on 
anatomical and functional grounds, may presently be con- 
sidered a part [2, 12, 18, 25] is in doubt [29]. 

In the present experiment, we investigated the effects of 
administration of diazepam, phenobarbital or phenytoin on 
acquisition of self-stimulation of the PFC. Since diazepam 
and phenobarbital have sedative and hypnotic properties re- 
spectively and phenytoin, a variety of side-effects including 
hypotension, ataxia and tremor [11], it would be difficult to 
investigate the effects of these drugs directly on acquisition. 
Any retardation might easily be attributed to the animals’ 
inability to perform an operant response as well as undrug- 
ged rats. However, since it has been demonstrated that pro- 
grammed non-contingent stimulation delivered for several 
days facilitates the acquisition of self-stimulation of the PFC 
[5], we decided to administer the drugs during the period of 
programmed stimulation to see if animals so treated would 
show a block of the facilitatory effect. We examined not only 
the rate of acquisition of self-stimulation in these animals, 
but also the rate of self-stimulation after acquisition. 

The major drawback to this method is that any block of 
the facilitatory effects of programmed stimulation could be 
due to a state-dependent drug effect. That is, programmed 
stimulation delivered to rats receiving a drug might have 
identical effects to those seen in normal animals. These ef- 
fects, however, might be shown only upon the presence of 
the same drug. To test this possibility, we ran a second ex- 
periment in which two groups of rats received either di- 
azepam or phenobarbital during the programmed stimulation 
phase, and continued to receive the drug while being tested 
for acquisition. 

Additionally, in a final experiment, several PFC self- 
stimulators were given self-stimulation rate-intensity tests 
both with and without diazepam or phenobarbital. This was 
done in order to see if these drugs had an effect on respond- 
ing for PFC stimulation after animals had acquired the re- 
sponse. 


METHOD 
Animals and Surgery 


Male albino rats, weighing 250-300 g at the time of 
surgery, were implanted with 127 uw diameter bipolar stain- 
less steel electrodes (Plastic Products, Roanoke, VA) under 
Nembutal anaesthesia (60 mg/kg, IP) into the PFC (4.5 mm 
anterior and 0.7 mm lateral to bregma, 3.5 mm ventral to 
skull surface, with the incisor bar 5.0 mm above the inter- 
aural line). Following surgery, rats were allowed to recover 
for seven days before testing began. Throughout the experi- 
ment, they were housed in single plastic cages, with food and 
water available ad lib. 


Drug Preparation 


Drug doses were determined beforehand based on studies 
which had demonstrated significant effects on convulsions 
and/or the rate of development of electrographic and behav- 
ioral kindling (e.g., [1, 14, 20]). All solutions were adminis- 
tered in a volume of 0.5 ml/kg body weight. Diazepam (Val- 
ium: Roche) was administered in a 1 mg/kg dose. The drug 
was dissolved in a concentration of 2 mg/ml in a buffered 
mixture containing 76% propylene glycol and 4% ethanol. 
Phenobarbital Sodium (Luminal: Winthrop) was dissolved in 
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92% propylene glycol and 2.5% ethanol, to a concentration of 
30 mg/ml and was administered in a dose of 15 mg/kg. Pheny- 
toin Sodium (Dilantin: Parke-Davis) was dissolved in a ve- 
hicle of 40% propylene glycol and 10% ethanol in a concen- 
tration of 50 mg/ml and was administered in a dose of 25 
mg/kg. The vehicle control solution consisted of 76% 
propylene glycol. 


EXPERIMENT 1: EFFECTS OF ANTICONVULSANT DRUGS ON 
LATER ACQUISITION 


Phase I: Programmed Stimulation 


A total of 81 rats divided into eight groups were run. 
One-half of the groups received programmed stimulation and 
one-half were handled identically but received no pro- 
grammed stimulation. Within each half, each group received 
a different drug (vehicle, diazepam, phenobarbital, or pheny- 
toin). 

The programmed stimulation phase lasted nine days. 
Each day, a rat was injected with the appropriate drug and 
placed 20 min later in a test box (262322 cm) made of 
Plexiglas with a grid floor. Over the next approximately 20 
min period, four groups received electrical stimulation in 
these boxes. The stimulation consisted of 0.5 sec trains of 40 
uA (RMS) 60 Hz sine wave delivered at a rate of one train 
every 64 sec, for a total of 20 trains of stimulation per daily 
session. 


Phase II: Acquisition of Self-Stimulation 


The day after the final day of phase I, self-stimulation 
tests were begun. In this phase, all groups were treated iden- 
tically. Testing took place in different boxes than those used 
in phase I. These boxes were Plexiglas and wood (25 x25 x 25 
cm) and had Plexiglas levers (7.54 cm) situated on one 
wall, 5 cm above the wire mesh floor. Stimulation current 
again consisted of 0.5 sec trains of 60 Hz sine wave, and was 
pre-set at 40 uA (RMS). Animals were placed in the boxes 
for 20 min/day. Each animal was actually placed on the lever 
when being put into the box, so that each rat received at least 
one train of stimulation/session; however, other than that, no 
shaping procedures were employed—each rat had to find and 
press the bar itself to receive stimulation. Number of re- 
sponses were recorded at the end of the 20 min session. 

Animals were run for at least 14 consecutive days. Any 
rat that had not demonstrated self-stimulation by that time 
was eliminated from the experiment. The predetermined cri- 
terion used to establish the presence of self-stimulation was 
at least 100 responses/20 min. All animals received a 
minimum of five days of testing after reaching this criterion 
in order to determine how response rates changed after an 
animal learned to self-stimulate. 


EXPERIMENT 2: STATE-DEPENDENT EFFECTS OF 
PHENOBARBITAL AND DIAZEPAM 


There were two groups of rats: one group (n= 12) received 
phenobarbital and one group (n=8) received diazepam. The 
two groups were run in a manner identical to the groups in 
Experiment | which received programmed stimulation, with 
one exception: drug administration did not terminate with 
the end of the programmed stimulation phase; instead, the 
animals continued to receive the drug, 20 min before testing, 
for the first five days of self-stimulation testing. 
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FIG. 1. Coronal sections from a rat brain atlas [13]. Electrode tips 
were all located within stippled areas. Numbers represent distance 
(mm) anterior to bregma. 


EXPERIMENT 3: EFFECTS OF DIAZEPAM AND PHENOBARBITAL 
ON RESPONSE RATES 


Six animals were randomly selected from the two 
diazepam groups and seven from the two phenobarbital 
groups used in Experiment |. These animals received rate- 
intensity tests every day. At the beginning of each session, 
the rat received a preliminary five min at 40 uA to stabilize 
responding. Then followed a series of two min tests inter- 
spersed with one min periods during which current was low- 
ered in 5 wA steps. Responses were measured only during 
the two min periods. Seven current intensities were used, 
ranging from 10 to 40 wA. These rate-intensity tests were 
given daily for ten days until every rat showed a stable pat- 


tern of responding. Then, every three days, the rate-intensity 
test was preceded 20 min before by a 1.0 mg/kg dose of 
diazepam (for one group) or a 15 mg/kg dose of phenobarbital 
(for the other group). A total of five such drug sessions were 
given, interspersed with regular non-drug sessions. These 
five drug and five non-drug sessions were each averaged to 
give rate-intensity curves both with and without drug. 


Histology 


Following completion of testing, anaesthetized rats 
(Nembutal, 60 mg/kg, IP) were perfused transcardially with 
0.9% saline followed by 10% Formalin. Frozen brain sections 
of 30 uw thickness were cut and stained with thionin and 
examined under a microscope for electrode tips. Figure | 
shows the distribution of electrode tips for all subjects. 
There were no differences amongst the locations of elec- 
trodes for the different groups. 


RESULTS 


Experiment |: Effects of Anticonvulsant Drugs 
on Acquisition 


The data were analyzed in terms of the first day on which 
any animal self-stimulated at least 100 times in 20 min. Four- 
teen of the 81 rats (between zero and three per group) were 
dropped because they failed to reach criterion in the allotted 
time. The data from the 67 remaining rats are shown in Fig. 
2. The data were analyzed non-parametrically because of the 
nature of the distributions. There were significant differ- 
ences amongst the stimulated groups, H’(4)=9.12; p<0.05 
but none amongst the non-stimulated groups (H’(4)=2.20; 
p>0.50), indicating that the drug treatments influenced the 
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FIG. 2. Experiment 1: Rate of acquisition of self-stimulation for 
each group, expressed as the number of rats/day which met criterion 
(100 responses/20 min) for the first time. 


effect of the programmed stimulation without, by them- 
selves, producing a pattern of acquisition different from that 
seen in non-stimulated, vehicle injected control rats. The 
mean number of days to criterion for each group, and the 
relevant pairwise comparisons (using Mann-Whitney U 
tests) are shown in Table 1. All the stimulated groups were 
significantly faster to acquire self-stimulation than were the 
corresponding non-stimulated groups. However, compared 
to the stimulated control group, the stimulated phenobarbital 
and stimulated diazepam groups, but not the stimulated 
phenytoin group, were retarded in their acquisition of self- 
stimulation. 

We also examined the number of responses in each 20 min 
session for the first five days after each rat had reached 
criterion for the first time. There were no differences in re- 
sponse rates attributable either to whether the group re- 
ceived programmed stimulation or to the drug administered. 
However, as reported by Douglin and Glassman [6], all 
groups showed a significant increase in response rates over 
the first five days  post-criterion, F(4,236)=112.86, 
p<0.0001. The average response rate on Day | was 162 re- 
sponses/20 min, increasing in a linear fashion to 315 re- 
sponses/20 min on Day 5. Some rats were tested nine days 
after this, and showed little change in response rates from 
Day 5. 





TABLE 1 
DAYS TO CRITERION WITH STATISTICAL COMPARISONS 





vs Stimulated 
Undrugged 
Control Group 


Mean Days 
To Criterion 


Group (+S.E.M.) 





Stimulated 1.4 + 0.26 
Control 

Stimulated 2.9 + 
Phenobarbital 

Stimulated 
Diazepam 

Stimulated 
Phenytoin 


U(8,8)=13; p<0.025 
one-tailed 
U(8,8)=10.5; p<0.01 
one-tailed 
U(8,10)=28; p>0.10 
one-tailed 


vs Stimulated 
Counterpart 


U(10,8)=2; p<0.001 
one-tailed 
U(8,7)=3; p<0.001 
one-tailed 
U(8,8)=13.5; p<0.032 
one-tailed 
U(10,8)=8.5; p<0.01 
one-tailed 


Unstimulated 
Control 
Unstimulated 
Phenobarbital 
Unstimulated 
Diazepam 
Unstimulated 
Phenytoin 





Experiment 2: State-Dependent Effects of Phenobarbital 
and Diazepam 


One rat in the phenobarbital group failed to reach crite- 
rion in the 14 days, leaving 11 rats in this group and eight in 
the diazepam group. Phenobarbital-treated rats took an av- 
erage of 3.6+1.1 days to reach criterion. This was slower 
than the animals in Experiment | who had received pro- 
grammed stimulation but no drug, U(11,8)=26.5, p<0.05 but 
was not different from the animals in Experiment 1 who 
received phenobarbital plus programmed stimulation, 
U(11,8)=42.5, p>0.65. Similarly, diazepam-treated rats in 
this experiment took 4.4+1.5 days to reach criterion, which 
was the same as the diazepam-treated rats in Experiment 1 
subjected to programmed stimulation, U(8,8)=31, p>0.457 
and was significantly slower than rats who received stimula- 
tion but no drug, U(8,8)=17, p<0.04. 

Responding, once it began, was not detectably different 
from any of the groups in Experiment 1. Withdrawal of the 
drug on Day 6 of self-stimulation training had little effect on 
those rats who had begun self-stimulating. 


Experiment 3: Effects of Diazepam and Phenobarbital 
on Self-Stimulation 


For each of the rats in the two groups undergoing rate- 
intensity tests, both with and without drug, two dependent 
variables were calculated. First, we measured the current 
values which produced response rates exactly one-half that 
of the peak response rates both with and without the drug. 
These current values were called threshold and served to 
determine, independently of any increases or decreases in 
the animal’s capacity to perform, whether the drug treatment 
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altered the animal’s sensitivity to changing current inten- 
sities. The second measure was that of the actual peak rates 
attained both with and without drug, and regardless of the 
current intensity, for each rat. These peak rates then served 
as a measure of the animal’s capacity to perform under both 
control and drug conditions. The results are shown in Table 2. 

Administration of diazepam did not alter current 
threshold (¢=0.58; NS). Maximum rate of responding was 
not significantly altered (¢=2.38; NS with a two-tailed test) 
although, of six rats tested, five showed a slightly increased 
average maximum rate on drug days. This point is illustrated 
in Fig. 3, where rate-intensity curves with and without 
diazepam for two representative rats are shown. Similarly, 
administration of phenobarbital failed to alter threshold 
(t=0.61; NS) or peak rate (t=1.29; NS). Again, however, the 
drug treatment did increase peak responding in five of seven 
rats (Fig. 3). 


DISCUSSION 


A period of programmed electrical stimulation delivered 
daily for nine days had a significant facilitatory effect on 
acquisition of self-stimulation of the PFC, a process which, 
without this stimulation, takes five to six days to develop. 
This is in agreement with the findings of Corbett er a/. [5]. 
The major finding of the present study was, however, that 
diazepam and phenobarbital administered concurrently with 
the programmed stimulation attenuated the facilitatory ef- 
fects of this stimulation on the later acquisition of self- 
stimulation of the PFC. Animals that received either of these 
drugs in the absence of the programmed stimulation showed 
no changes in the speed of acquisition of self-stimulation 
behavior when compared to vehicle-treated animals. This 
indicates that the diazepam or phenobarbital treatments by 
themselves did not simply act to retard acquisition of a 
learned response. 

Animals in Experiment 2 maintained on either phenobar- 
bital or diazepam for the first five days of self-stimulation 
training did not differ significantly from the rats receiving the 
same drugs only for the duration of the period of pro- 
grammed stimulation. The behavior of these former groups 
clearly indicates that the block of the facilitatory effects of 
programmed stimulation on acquisition of self-stimulation 
seen after diazepam or phenobarbital treatment was not the 
result of a state-dependent effect. If the switching over of 
animals from a drugged state (during the programmed stimu- 
lation period) to a non-drugged one (during the self- 
stimulation period) had prevented the animals from express- 
ing any real effect of the programmed stimulation, then the 
two state-dependent groups should have displayed a pattern 
of acquisition comparable to that seen in undrugged rats sub- 
jected to programmed stimulation before self-stimulation 
training. Such was clearly not the case. 

The data from the two state dependent groups show that 
the extended administration of either phenobarbital or 
diazepam did not significantly add to the retardation of 
self-stimulation acquisition seen in the rats receiving the 
same drugs only during the period of programmed stimula- 
tion. This would indicate that both drugs had a limited effect 
in delaying the process underlying the facilitation of self- 
stimulation acquisition by repeated stimulation. However, 
this is consistent with the observation that neither drug 
completely suppressed the facilitatory effects of pro- 
grammed stimulation in Experiment 1. Whether this is due to 
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FIG. 3. Effects of diazepam (left column) and phenobarbital (right 
column) on rate-intensity curves from four subjects. Open circles 
represent average responding for five control (c) sessions; filled cir- 
cles represent average responding for five drug sessions 
(dz=diazepam; pb=phenobarbital). Vertical bars are S.E.M.’s. 


the fact that, with the relatively low doses used, only a par- 
tial block of the critical process underlying development of 
self-stimulation occurred, or whether a tolerance to the drug 
effect built up fairly rapidly is not clear from the present 
data. 

The time course of development of self-stimulation of the 
PFC and the fact that diazepam and phenobarbital can inter- 
fere with this development when administered in doses suf- 
ficient to attenuate the kindling process [3, 14, 20, 29] 
suggest that the positively reinforcing effects of PFC stimu- 
lation may evolve through mechanisms similar to those un- 
derlying the kindling process. That is, daily electrical stimu- 
lation of the PFC may result in a permanent change in neural 
activity. In the case of the kindling effect, such a change 
involves a potentiation of transynaptic activity which seems 
initially to require high frequency discharges elicited from 
the presynaptic stimulation focus [7, 16, 17, 21]. Both 
diazepam and phenobarbital are known to be effective in 
inhibiting such afterdischarge activity in doses comparable 
to that used in the present study [14,20]. Phenytoin, on the 
other hand, has been reported to be comparatively ineffec- 
tive in producing similar effects on afterdischarge activity 
generated within tissue of limbic origin [20,29], at least in 
doses similar to those used in the present study. We have 
observed that phenytoin administered in a similar manner 
but at a much higher dose (50 mg/kg) still did not result in any 


TABLE 2 
RATE-INTENSITY TESTS 





Peak Rate/2 min 
(+S.E.M.) 


Threshold in nA 
(+S.E.M.) 


Group No Drug Drug No Drug Drug 





19.75 19.25 72.80 76.50 
3.39 3.22 5.00 6.20 


Diazepam 


24.39 25.61 44.90 49.10 
1.59 2.64 1.90 4.20 


Phenobarbital 





significant change in the speed of acquisition of self- 
stimulation of the PFC, despite the fact that such a dose had 
rather severe toxic effects in the animals so tested. It would 
thus appear that the very similar effect of low doses of 
phenobarbital and diazepam and the lack of any effect of 
phenytoin could be seen as being consistent with the known 
effects of these anticonvulsants on afterdischarge activity. It 
is important to note, however, that the maintenance of self- 
stimulation of the PFC may not be directly related to the 
presence of afterdischarges either locally or distally. This is 
because either diazepam or phenobarbital administered at 
the same dose that antagonized the facilitatory effects of 
pre-training stimulation failed to affect the rate-intensity 
curves after self-stimulation was acquired, despite the fact 
that, at least with respect to phenobarbital, the drug treat- 
ments should have had a noticeable effect on afterdischarge 
threshold [29]. Both drugs did cause a slight, possibly 
nonspecific increase in maximum rates—an observation 
which reinforces other reports that such drugs can facilitate 
self-stimulation [22,27]. Thus diazepam and phenobarbital 
appear to be effective in delaying the onset of the reinforcing 
effects of PFC stimulation, but seem ineffective in altering 
the neural events underlying self-stimulation of this site after 
they have been induced. This would be analagous to the 
observation that both diazepam and phenobarbital do signifi- 
cantly reduce magnitude and incidence of afterdischarge ac- 
tivity during the kindling process but seem not to affect the 
post-synaptic changes resulting from the cumulative trigger- 
ing of afterdischarge [14]. 

There is some evidence that, if some form of potentiated 
transynaptic activity is critical to the development of reward 
in the PFC, it might involve the fibre connections joining the 
medial portion of the PFC and the sulcal or suprarhinal por- 
tion of the PFC. Firstly, this pathway appears to be neces- 
sary for the maintenance of self-stimulation of the medial 
PFC (Corbett, Laferriére and Milner, in preparation). Addi- 
tionally, we have shown that programmed stimulation of the 
sulcal cortex in rats duplicates the potentiating effect of 
identical stimulation of the medial PFC on self-stimulation of 
the latter area [24]. 

The present data are intriguing because they suggest that 
the acquisition of self-stimulation of the PFC may involve a 
process sharing some similarities with kindling. This sugges- 
tion has been made for self-stimulation of the hippocampus 
[4]. Work is presently underway to determine, at a more 
physiological level, how far the analogy suggested here can 
be extended. 
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THOR, D. H. AND W. R. HOLLOWAY, JR. Anosmia and play fighting behavior in prepubescent male and female rats. 
PHYSIOL. BEHAV. 29(2) 281-285, 1982.—Prepubescent male and female rats were paired after intranasal treatment with 
isotonic zinc sulfate or saline solutions to determine the influence of peripheral anosmia upon play fighting behavior. In 
Experiment 1, male isolate residents pinned intruders significantly more often than intruders pinned residents but anosmia 
treatment had no influence on pinning behavior. In Experiment 2, males and females differed significantly in all major 
categories of play fighting but anosmia treatment had no influence on play fighting of either males or females. In Experi- 
ment 3, male groups matched for play fighting behavior prior to intranasal zinc or saline treatment were paired with 
like-treated males. All males in all pairings engaged in play behavior but anosmic males played less than controls. 
Evidently, intranasal zinc treatment depresses play behavior only when both members of a pair are anosmic. Play behavior 


is more markedly affected by resident-intruder status and by gender than by peripheral anosmia. 


Play fighting Rats Anosmia 


Zinc sulfate 


PLAY [1], a primary social behavior of prepubescent rats, is 
commonly observed and has been variously categorized [4, 
6, 7, 10, 13]. A principal form of such play is rough-and- 
tumble bouts of play fighting which normally includes 
pouncing, wrestling, pinning, boxing, and chasing. Partici- 
pants readily exchange roles of attacker and defender and no 
apparent injuries are sustained. Socially aroused males or 
females occasionally display rapid hopping and darting 
movements similar to that of mature estrous females in the 
presence of a mature male. Such movements apparently 
function to attract and engage the other juvenile. More direct 
pouncing, wrestling, and pinning appear to occur as practice 
for more serious adult encounters [13]. Play fighting is typi- 
cally lacking in distress vocalization [6]. 

Some distinctive social behaviors are absent or occur 
minimally when adult rats are rendered experimentally 
anosmic (lacking in olfactory discrimination). Demonstrably 
aggressive males fail to attack strange males [2], but mount- 
ing of females, or other males, is not similarly abolished or 
inhibited [15,17]. Normal investigative behaviors are signifi- 
cantly curtailed, presumably due to the sensory blockage of 
olfactory social cues. ~| 

The present experiments were undertaken to examine the 
influence of peripheral anosmia upon the normal play behav- 
ior of juvenile rats. To maximize the frequency of play bouts 
during the observation period, all juveniles were socially iso- 
lated for one or more days prior to test [9] and were then 
observed in their home cages following exposure to a novel 
juvenile. 


EXPERIMENT | 


Anosmia induced by topical application of an aqueous 
zinc sulfate solution generally results in a decrease of social 


Juvenile behavior 


Sex differences Juvenile play Olfaction 


behaviors [2]. An unfamiliar intruder is approached and fol- 
lowed less often and is investigated less intently. In previous 
experiments in our laboratory, repeated applications of small 
volumes of the zinc solution have resulted in a prolonged 
impairment of olfactory discrimination as measured by abil- 
ity to locate scented food particles (cheddar cheese). Three 
applications (0.2 ml) of the zinc solution at the base of the 
ethmoturbinals result in an impairment of olfactory discrimi- 
nation for at least ten days [16]. Four intranasal applications 
have resulted in an impairment of olfactory discrimination as 
evidenced by reduction in social investigatory behavior over 
a 20-day period of testing [17]. The anosmic male is easily 
identified by failure to engage in the normal social inves- 
tigatory sniff pattern. For example, the anosmic male may 
approach and follow another animal but does not maintain 
close nasal proximity to the fur of the other animal. Most 
distinctive is the absence of anogenital sniffing by the 
anosmic rat ({17], p. 131). 

Experiment 1 was conducted to determine if anosmia 
treatment of juveniles blocks or interferes with normal play 
behavior. Following Panksepp [8] we observed the incidence 
of *‘pinning’’ (defined as the posture of the dorsal surface to 
the ground with the second animal hovering above in a 
dominance stance), since pinning correlates highly with 
other measures of play behavior. Intranasally zinc-treated 
males were compared with saline-treated controls. Both 
treatment groups were exposed to zinc-treated and saline- 
treated intruders. 


METHOD 


Twelve juvenile male Long-Evans, laboratory-reared rats 
were used. All were weaned at 21 days and maintained in 
like-sex groups until 30 days of age when each rat was 
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TABLE 1 


EXPERIMENT 1. INVESTIGATION TIME AND PIN FREQUENCY BY INTACT AND 
ANOSMIC RESIDENTS AND INTRUDERS 





Condition 


of Resident of Intruder 


Investigation 
Time (Sec) 
by Resident* 


Pins by 
Resident* 


Pins by 
Intruders* 





Intact 


Intact : 
Anosmic 


Intact 


Anosmic 4 
Anosmic 


55.0 + 7.4 6.0 , 4.3 
48.0 + 7.2 9.3 : 3.7 


25.3 + 4.5 8.3 ‘ ME 
16.0 + 4.0 5.2 





*Mean + SE. 


housed individually in a plastic pan cage (415122 cm) 
with a wire top. Prior to individual housing each of six rats 
were given daily intranasal treatments for three days with a 
zinc sulfate solution to induce peripheral anosmia; six of the 
remaining rats were similarly treated with saline. 

The intranasal intubation of the nares was performed dur- 
ing ether anesthesia as described elsewhere [16]. Briefly, a 
PE 10 polypropylene tube was inserted into nares for 1.5 cm 
and a volume of 0.05 ml was slowly injected. The zinc sulfate 
solution was 7.65% (isotonic) and colored with a blue vege- 
table dye. The rat was held in a vertical, head down position 
while the zinc (or saline) was applied. After application, the 
excess zinc or saline solution was drained by holding the tip 
of the nose lightly against an absorbent paper towel. 

After three days of isolation, each of the zinc- and saline- 
treated juveniles were exposed to one zinc- or one saline- 
treated juvenile in its home cage. No more than one expo- 
sure to another animal was made on each day. On alternate 
days, when not used as a resident, each rat was used as an 
intruder. 

Each animal was observed in its home cage for a 5-min 
interval after exposure to a zinc- or saline-treated juvenile. 
Duration of active social investigation (following, sniffing, 
nosing, grooming) was measured by hand-held switch and 
paper tape recorder. Frequency of pinning (no distinction 
was made in length of time per pin) by resident and by in- 
truder was also recorded. Pinning behavior is readily ob- 
served and highly correlated with other measures of play 
behavior [9]. 

All pairings were observed in dim red light during the 
dark phase of a 12:12 light-dark cycle. 


RESULTS 


As anticipated, zinc-treated males did not engage in nor- 
mal sniffing behavior of conspecifics and consequently their 
social investigation was primarily limited to approach and 
follow behavior. Means and variances of social investigation 
time by zinc and saline treated groups are given in Table 1. A 
two-way repeated measures ANOVA indicated that Intact 
and Anosmic Resident Condition differed significantly, 
F(1,10)=24.0, p<0.001; that Intruder Condition did not dif- 
fer significantly; and that the Interaction was nonsignificant. 

Play behavior of intact and anosmic males did not appear 
to differ in any observable manner. Intact and anosmic resi- 
dents did not differ significantly in their frequency of pin- 
ning. Residents, however, pinned significantly more often 


than intruders, F(1,11)=11.6, p<0.01 regardless of their 
treatment (intact or anosmic). Means and variances of pin- 
ning by Resident and Intruder Groups are given in Table |. It 
is evident that, although anosmic males engaged in signifi- 
cantly less social investigation, they engaged in a level of 
play behavior comparable to that of intact males. 


EXPERIMENT 2 


To examine the possibility that gender and anosmia may 
interact in their influence on play behavior, intact and 
anosmic groups of males and females were compared. For 
added assurance that zinc-treated animals were in fact 
anosmic we specifically observed for any anogenital sniffing 
behavior and excluded any zinc-treated juveniles displaying 
any indication of anogenital sniffing. Finally, the number of 
daily intranasal zinc treatments was increased to four, a 
treatment regimen previously demonstrated to induce a high 
incidence and prolonged duration of anosmia [17]. 


METHOD 


Twenty male and twenty female juveniles from 13 litters 
were used. All were weaned at 21 days of age and maintained 
in like-sex groups during zinc or saline treatment. For sev- 
eral days prior to and during testing, between 32 and 38 days 
of age, each subject was maintained individually in a plastic 
pan cage with pine chip litter. Twenty male juveniles of the 
same age were used as social stimuli. 

Half of the male and half of the female subjects received 
daily intranasal zinc applications for four days as described 
in Experiment 1. The remainder of the male and female sub- 
jects received equivalent volumes of intranasal saline appli- 
cations each day for four days. Testing commenced one 
week after the last treatment. As in Experiment 1, each sub- 
ject was exposed to a stimulus animal (male juvenile) for a 
5-min interval. Categories of play fighting observed included 
pinning, darting, wrestling, aggressive groom, lateral dis- 
play, boxing and chasing. Mount frequency and frequency of 
anogenital sniffing were also recorded. Finally, duration of 
social investigation was also observed and recorded. 


RESULTS 


One zinc-treated female and two zinc-treated males were 
excluded on the basis of displaying anogenital sniffing. All 
other zinc-treated juveniles displayed no anogenital sniffing 
and the typical anosmic (abnormal) pattern of social inves- 
tigatory behavior. 
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TABLE 2 


EXPERIMENT 2. SOCIAL INVESTIGATION AND PLAY FIGHTING BY ANOSMIC AND 
INTACT MALES AND FEMALES 





Males 


Behavior Anosmic 


Females 


Intact Anosmic Intact 





Social investigation* 17.2 


Play fighting 
Pin 7.3 
Dart 6.7 
Wrestle 1.6 
Aggressive groom 


+ 6.7 28.1 + 5.0 70.8 + 6.9 


2.0 3.4 
1.7 3.9 
0.7 0.6 
0.6 1.0 


2.4 
2.6 
0.6 
0.4 


0.9 
0.6 
0.3 
0.2 


I+ I+ I+ I+ 


i+ I+ I+ I+ 
i+ I+ 1+ I+ 





*Mean seconds + SE. 


A two-way ANOVA (Treatment x Sex) for investigation 
time indicated a longer mean investigation time for the Intact 
than for the Anosmic Group, F(1,33)=60.97, p<0.01; Sex 
and the Interaction of Treatment by Sex were nonsignificant. 
Means and variances are given in Table 2. 

Mean frequencies of play fight behaviors by males and 
females are also given in Table 2. Lateral display, box, and 
chase mean frequencies were very low (group means <1) 
and hence were excluded from further analysis. Two-way 
ANOVAs were computed with pin, dart, wrestle, and ag- 
gressive groom frequencies. All Treatment F-values were 
nonsignificant and all Sex F-values were significant, 
Fs(1,33)=10.20, 9.64, 10.74, and 10.48, ps<0.01, for pin, 
dart, wrestle and aggressive groom, respectively. Males 
engaged in more pinning, darting, wrestling, and aggressive 
grooming than did females. 


EXPERIMENT 3 


Conceivably, repeated testing of anosmic rats with intact 
rats may sustain play. Experiment 3 examined play behavior 
in groups matched for play and social investigation prior to 
intranasal application of zinc or saline solutions; posttreat- 
ment testing was restricted to like-treatment pairings. Dura- 
tions of posttreatment testing was also extended; an initial 
posttreatment test given two and three days after treatment 
was followed by a repeat test given seven and eight days 
after treatment. 


METHOD 


Twelve male juveniles from six litters were used. All were 
weaned at 21 days of age and maintained in like-sex groups. 
On the basis of a pretest for play behavior, two matched 
groups of six were then formed. Each subject was isolated 
for 24 hrs and then exposed to another juvenile (5-min) in the 
former’s home cage. Mean number of pins was identical for 
each group (M,=11.0, SD,=5.3; M,=11.0, SD,=4.6) and 
mean investigation times were comparable (M,=37.9 sec, 
SD,=14.6; M,=38.4 sec, SD,=9.4). Each individual in the 
zinc-treated group received three daily applications of the 
zinc solution to the intranasal sensory epithelium as de- 
scribed in Experiment 1; the control group received three 
daily applications of intranasal saline. As in Experiment 2, 
subjects were maintained in group cages during the treat- 


ment interval; there were no deaths from anesthesia or zinc 
treatment. Following treatment, the subjects were 28-30 
days of age. 

Subjects in each treatment group served as residents and 
as intruders on each of two tests. Test 1 was given on Days 2 
and 3 after the last intranasal treatment. Test 2 was given on 
Days 7 and 8 after the last intranasal treatment. Thus, each 
subject was exposed to another juvenile only once daily, 
either as a resident or an intruder. Order of testing within 
treatment groups was counterbalanced on each test. Care 
was taken to avoid pairing of juveniles that had previously 
been housed together during the treatment phase. Through- 
out, only like-treated subjects were paired. 

The test procedure was that of Experiment | except that 
the observation interval was extended to 10 minutes and only 
three categories of data were recorded: pin frequency, social 
investigation time, and frequency of anogenital sniffing 
bouts. 


RESULTS 


Order of testing within Test 1 and Test 2 was nonsignifi- 
cant for all measures, i.e., there was no systematic effect of 
resident-intruder order. 

Investigation time and anogenital bout data were 
analyzed by two-way, repeated-measures ANOVAs (Groups 
x Test). Mean investigation time was longer for the Saline 
than for the Zinc Group, F(1,10)=38.10, p<0.01; Test and 
Interaction effects were nonsignificant. Anogenital sniff 
bouts were also more frequent for the Saline Group, 
F(1,10)=64.00, p<0.001; Test and Interaction effects were 
nonsignificant. A three-way, repeated measures ANOVA 
(Groups x Resident-Intruder Status x Test) was computed 
with the pin frequency data. Significantly more pins were 
made by the Saline Group than by the Zinc Group, 
F(1,10)=6.00, p<0.05, and Residents pinned more than did 
Intruders, F(1,10)=18.27, p<0.01. Test and Interaction ef- 
fects were nonsignificant. Means and variances are given in 
Table 3. 

All subjects engaged in pinning as residents and as intrud- 
ers. Mean frequency of play bouts, as measured by pinning, 
was, however, significantly less for zinc-treated males than 
for saline-treated males. 

The behavioral criteria for anosmia (i.e., social investiga- 
tion time and anogenital sniff bouts) indicated that the zinc- 





TABLE 3 


EXPERIMENT 3. INVESTIGATION AND PLAY BY ANOSMIC AND 
INTACT MALES MATCHED FOR PLAY AND INVESTIGATION 
PRIOR TO TREATMENT 





Group 


Behavior Anosmic Intact 





Investigation time 
(sec) 
Test 1* 
Test 2 


Anogenital sniff bouts 
Test 1 
Test 2 


Pins 
by Residents 
Test 1 : 
Test 2 : 24.7 


by Intruders 
Test 1 9.8 + 3. 10.5 
Test 2 9.5 + 4. 12.5 





*Test 1 was made on Days 2 and 3 after treatment. Test 2 was 
made on Days 7 and 8 after treatment. 


treated subjects differed from controls on the first round of 
testing as well as on the second round of testing. Intranasal 
zinc application is known to induce weight loss for several 
days after treatment [12,18]; in this case, body weight means 
of Treatment Groups after the second round of testing did 
not differ significantly, Ms=161 and 162 g. 


GENERAL DISCUSSION 


The absence of any major influence of peripheral anosmia 
on the play behavior of juvenile rats was not anticipated. 
Since anosmia markedly curtails investigatory behavior, it 
seemed reasonable to expect that for any or all of several 
probable reasons (failure to orient, block or interference with 
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perception of social cues, zinc toxicity) play would be signif- 
icantly reduced if not entirely absent. On the contrary, we 
observed no qualitative and only minor quantitative differ- 
ences in the juvenile play of anosmic males or females. 

Males, whether anosmic or intact, engaged in more play 
fighting than did females and this observation is consistent 
with previous research [6, 7, 10]. We suspect that the reliable 
gender difference noted in Experiment 2 may have been en- 
hanced by testing in home cages. A commonly used proce- 
dure is the observation of paired juveniles in a neutral test 
arena, often with special provision for observing, filming, or 
videorecording. However, the displacement and pairing of 
juveniles within a relatively unfamiliar environment may re- 
sult in some interference with normal social interactions. No 
gender effects were reported by Panksepp [8] or by 
Panksepp and Beatty [9]. Perhaps the lower incidence of 
pinning by intruders, in comparison to residents (as observed 
in Experiments | and 3 of the present series), was influenced 
by the disturbance caused by transfer to another cage as well 
as an unfamiliar environment. 

Johns [5] has stated that no less than five morphologically 
distinct nasal structures may be involved in mammalian 
chemoreception. For example, it has been demonstrated that 
the vomeronasal system is probably implicated in the recep- 
tion of subtle olfactory cues governing reproductive physiol- 
ogy, at least in the male hamster [11]. Maternal behavior of 
the rat has been similarly implicated [3]. It is reasonable, 
therefore, to maintain that one or more systems not influ- 
enced by zinc-induced necrosis of the sensory epithelium 
may conceivably moderate prepubescent play behavior of 
the rat. The present work only suggests that the ‘“‘main” 
olfactory system is not critical for play behavior; the poten- 
tial importance of the vomeronasal system for play behavior 
is currently an open question and clearly deserves experi- 
mental attention. 

Finally, there is an implicit challenge in the assessment of 
juvenile behaviors such as play fighting; although prominent 
in the behavioral repertory of the juvenile, the relationship to 
adult behaviors is not at all clear. We provisionally agree 
with Taylor [13] that juvenile fighting does represent an im- 
mature form of agonistic behavior. However, the contrast in 
effects of anosmia on juvenile play fighting and on adult 
traumatic fighting suggests a gross difference in the impor- 
tance of olfactory cues [14]. 
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GRAY, P. AND J. COONEY. Stress-induced responses and open-field behavior in estrous and nonestrous mice. 
PHYSIOL. BEHAV. 29(2) 287-292, 1982.—Three experiments were performed to compare the reactions of estrous and 
nonestrous female CD-1 mice to stressful stimuli. These experiments revealed no effect of estrous state on (a) response 
latencies to thermal pain in the mouse hot-place test, (b) immediate, active responses to electric foot shock, or (c) open field 
ambulation under no stress condition or under stress conditions provided by foot shock or bright light. Estrous mice were 
found to defecate less in a small open field, and to ambulate more in the center of a large open field, than nonestrous mice, 
but neither of these effects interacted with an effect of stress condition. An incidental finding was a diurnal effect on 
response latencies in the mouse hot-place test. These experiments, combined with previous experiments with female CD-1 
mice, support the conclusion that estrus results in decreased avoidance of potentially dangerous or stressful places, but 
does not affect the animal's reactivity to unavoidable stressful stimuli. 
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OPEN-FIELD experiments, with female rats as subjects, 
have generated controversy as to whether or not ‘“‘emotion- 
ality’ is affected by the estrous cycle. It has been found 
repeatedly that female rats defecate less [2, 4, 8] and ambu- 
late more [1, 2, 8] in open-field tests at estrus than at other 
estrous cycle stages, and this finding has led some to con- 
clude that emotionality is reduced at estrus [1,8]. Others, 
however, have argued that decreased defecation at estrus 
may simply reflect decreased eating and hence decreased 
colon content [14], and that increased ambulation at estrus 
may reflect an increase in general activity level that has noth- 
ing to do with emotionality [2]. 

An issue that is closely related to that of emotionality and 
the estrous cycle, but potentially more subject to experi- 
mental test, is that of the relation between stress-induced 
behavioral change and the estrous cycle. This issue can be 
broken down into the following two questions: (1) Does the 
estrous cycle affect an animal’s tendency to avoid stressful 
stimulation? And (2) does the estrous cycle affect an 
animal’s reactivity to unavoidable stressful stimulation? 
Previous work in our laboratory, using female CD-1 mice as 
subjects, was aimed at answering the first of these two ques- 
tions. In those experiments, estrous mice showed reduced 
avoidance of a chamber in which they had been previously 
shocked [9], and reduced avoidance of a brightly illuminated 
chamber [10], as compared to nonestrous mice, in tests de- 





signed to control for possible effects of general activity level. 
Experiments with rats have also found reduced avoidance of 
shock [4,11] and light [1,12] at estrus compared to nonestrus. 

The three experiments to be described in the present 
paper were aimed at the second of the two questions above, 
again using CD-1 mice as subjects. The first experiment 
compared estrous and nonestrous mice in reaction latencies 
to thermal pain; the second compared estrous and nonestr- 
ous mice in immediate, active responses to electric foot- 
shock and in suppression of locomotor activity during inter- 
shock intervals; and the third tested for an interaction be- 
tween estrous state and illumination level in open-field be- 
havior. The principal hypothesis in each experiment was that 
any effect of stressful stimulation would be smaller in estrous 
than in nonestrous mice. 


EXPERIMENT 1 


This experiment compared estrous and nonestrous mice 
in a standard test of pain responsiveness, the mouse hot- 
plate test. The hypothesis was that response latencies would 
be longer at estrus than nonestrus. Since previous studies 
with this test had revealed a diurnal rhythm in responsive- 
ness [5,6], and since we surmised that an estrous cycle effect 
might interact in some way with a diurnal effect, we tested 
both estrous and nonestrous mice at two times of day, one 
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being the early dark phase of the light-dark cycle, and the 
other being the early light phase. 
METHOD 
Subjects 
The subject pool consisted of 104 female CD-1 outbred 
albino mice, 79-84 days old at the time of testing. They were 
housed two per hanging solid-bottom cage, with pine shav- 
ings as bedding, in a room with a reversed light-dark 
schedule, lights off at 9:00 a.m. and on at 9:00 p.m. To pro- 


mote regularity of the estrous cycles, a single male CD-1 
mouse was housed between each two cages of females. 


Overall Design 


On each of five successive test days, approximately equal 
numbers of ‘‘estrous’’ and ‘‘nonestrous’’ subjects were 
selected to be tested. Half of the subjects in each condition 
were tested between 10:00 and 11:00 a.m. (early dark phase), 
and the other half between 10:00 and 11:00 p.m. (early light 
phase). Thus, four groups of animals were tested, comprising 
a two (estrus, nonestrous) by two (dark phase, light phase) 
factorial design. There were 22 subjects in each of the four 
groups, and each subject received just one hot-plate test. 


Determination of ‘‘Estrus’’ and ‘‘Nonestrus”’ 


Vaginal smears were taken daily by eye-dropper lavage 
from each potential subject, between 8:00 and 9:00 a.m., for 
3 to 8 days before the subject was tested, and the proportion 
of cornified cells to other cells (leukocytes plus nucleated 
epithelial cells) was determined. The criterion for ‘‘estrus”’ 


was that at least one-third of the cells in the smear had to be 
cornified on a day immediately following a day on which 
fewer than one-third were cornified. The criterion for 
‘*nonestrus’’ was that fewer than one-third of the cells had to 
be cornified on a day immediately following a day on which 
more than one-third were cornified. By using these criteria, 
it was assured that all ‘‘estrus’’ subjects were at either late 
proestrus or early estrus, and that all ‘‘nonestrus’’ subjects 
were at either late metestrus or early diestrus. An additional 
vaginal smear, taken immediately after the hot-plate test, 
confirmed that each mouse was still at its assigned stage at 
the time of its test. 


Hot-Plate Test Apparatus and Procedure 


The hot plate was a 0.16-cm bronze sheet that was in 
contact, on its lower side, with water maintained at 
58+0.5°C by means of an immersion heater. A glass cylin- 
der, 7 cm diameter and 15 cm high, open at both ends, stood 
vertically on the hot plate and served to confine the mouse to 
a specific area on the plate. At the beginning of each test, a 
mouse was dropped into the cylinder onto the hot plate. An 
event recorder, controlled by a panel of push-buttons, was 
used to record (a) latency to lick a front paw, (b) latency to 
lick a back paw, and (c) latency to jump, such that all four 
feet left the hot plate floor. The test was terminated as soon 
as a jump response occurred. 


RESULTS 


The median response latencies for each group of subjects 
are shown in Table 1. Since (as can be seen in Table 1) there 
was no evidence for a time-of day by estrous interaction, 
separate Mann-Whitney U tests were conducted to compare 
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TABLE 1 


MEDIAN RESPONSE LATENCIES (IN SECONDS) IN 
HOT-PLATE TEST, EXPERIMENT 1 





Lick Lick 


Test Condition Front Paw* Back Paw Jump* 





Dark Phase 
Estrus (22) 
Nonestrus (22) 

Light Phase 
Estrus (22) 
Nonestrus (22) 





Number of subjects per group is given in parentheses. 
*Significant effect of time of test (light phase vs dark phase), 
p<0.085. 


(a) estrous vs nonestrous subjects, collapsed across time of 
day, and (b) dark-phase vs light-phase subjects, collapsed 
across estrous state, for each of the three latency measures. 
These tests revealed no suggestion at all of an effect of the 
estrous cycle, but did reveal a significant diurnal effect on 
latencies to front-paw lick, Z=2.50, 2-tailed p<0.02, and 
jump, Z=2.14, 2-tailed p<0.05. Mice tested in the early light 
phase had significantly longer response latencies than those 
tested in the early dark phase of the daily cycle. 


EXPERIMENT 2 


This experiment served two related purposes. One was to 
compare estrous and nonestrous mice in their immediate re- 
actions to electric foot shock; and the other was to compare 
estrous and nonestrous mice in open field ambulation and 
defecation under both nonstressful and stressful conditions, 
the stress being provided by electric foot shock through the 
grid floor of the open field test chamber. The hypotheses 
were that estrous mice would show weaker immediate reac- 
tions to shock than nonestrous mice, and that shock would 
have a smaller effect on the open-field behavior of estrous 
than of nonestrous mice. 


METHOD 
Subjects 


The subject pool consisted of the 88 mice that had been 
used as subjects in Experiment 1. They were housed in the 
same manner as in Experiment 1, and were 100 to 105 days 
old at the time of testing. 


Overall Design 


On each of five successive test days, approximately equal 
numbers of ‘‘estrous’’ and ‘‘nonestrus’’ subjects were 
selected, using the same vaginal smear procedure and 
criteria as in Experiment 1, half to be tested in the “‘shock”’ 
condition and half in the ‘‘no shock’’ condition. After ex- 
cluding five subjects due to equipment errors, there were 20 
mice in the estrus, shock group; 17 in the nonestrus, shock 
group; 18 in the estrus, no shock group; and 20 in the nones- 
trus, no shock group. All tests were conducted between 
10:30 a.m. and 1:00 p.m. 
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Shock, Open-Field Test Apparatus and Procedure 


The shock, open-field chamber was an open-topped Plex- 
iglas box, 24 cm long by 22 cm wide by 43 cm high, with a 
grid floor consisting of stainless steel rods, 0.32 cm diameter, 
spaced 1.27 cm apart center to center. Shock was delivered 
by a constant-current AC source, and was scrambled by 
means of neon bulbs (General Electric NE2) wired in series 
across the rods of the grid floor. Illumination was provided 
by a 25-watt, red, incandescent bulb located 77 cm above the 
center of the floor of the apparatus. 

Each test lasted for three minutes, and was begun by 
placing a mouse into a corner of the test chamber. For 
animals in the shock condition, three *‘low’’ shocks, each of 
0.025 mA intensity and 0.5 sec duration (just above 
threshold, as determined by preliminary experiments) were 
delivered during the second minute of the test, at 60 sec, 80 
sec, and 100 sec into the test; and three “‘high’’ shocks, each 
of 0.15 mA intensity and 0.5 sec duration, were delivered 
during the third minute of the test, at 120 sec, 140 sec, and 
160 sec into the test. The animal’s immediate reaction to 
each shock was scored on a scale from zero to four, with 
0=no reaction, 1=minimal reaction (usually a flinch or a 
jerking away of one or more paws), 2=run (a brief run that 
began when the shock was on and ended when the shock 
went off), 3=squeak (with or without a run), and 4=jump 
(with or without a squeak, and sometimes followed by a run). 
Preliminary tests with the apparatus showed that this was a 
valid ascending scale of reaction to shock: the higher the test 
shock used, the higher the average score achieved. 

For both shock and no-shock animals, ambulation was 
scored by counting the number of times the animal crossed, 
with all four feet, either of two perpendicular lines that di- 
vided the floor into quadrants. Line crosses that occurred as 
an immediate response to shock (i.e., during a shock- 
induced *‘run’’) were not included in the ambulation count. 
In addition, the number of fecal boluses left by each animal 
during the 3-min test was counted. After each test, the 
chamber was washed with a detergent solution and dried. 


RESULTS 


The frequency of each reaction-to-shock rating, achieved 
by the shocked estrous and nonestrous mice at each shock 
level, expressed as a percentage of total trials at that shock 
level, is shown in Table 2. As would be expected, high shock 
resulted in more intense reactions than did low shock, for 
both estrous and nonestrous mice. Chi-square tests con- 
ducted on these frequency distributions revealed no signifi- 
cant difference between estrous and nonestrous subjects at 
either shock level. The mean shock-reaction ratings were 
1.23 for estrus, low shock; 1.22 for nonestrous, low shock; 
2.37 for estrus, high shock; and 2.69 for nonestrous, high 
shock. A two-way (AR) analysis of variance, using the 
mean low-shock and high-shock reaction ratings of each 
animal as data, revealed no suggestion of an effect of estrous 
state, F(1,35)<1, a highly significant effect of shock level, 
F(1,35)=170.00, p<0.001, and no suggestion of an interac- 
tion between estrous state and shock level, F(1,35)<1. 

The mean number of line crosses made by each group of 
mice during each minute of the 3-min open-field test is shown 
in Table 3. As would be expected, the two shock groups 
made fewer line crosses during the second minute (low- 
shock period) and third minute (high-shock period) than did 


TABLE 2 


DISTRIBUTIONS* OF REACTION-TO-SHOCK 
RATINGS, EXPERIMENT 2 


FREQUENCY 





Reaction Ratingt 


Test Condition | 2 3 





Low Shock 
Estrus (60) 15.0 50.0 33.3 0 1.7 
Nonestrus (51) 11.8 54.9 33.3 0 0 
High Shock 
Estrus (60) 0 ; 20.0 68.3 10.0 
Nonestrus (51) 2.0 2.0 29.4 58.8 7.8 





Number in parentheses is the number of trials at each test con- 
dition (number of subjects times three trials per subject). 

*Frequencies expressed as percentages of total trials at each test 
condition. 

*1=no reaction, 2=minimal reaction, 3=squeak, 4=jump. 


the two no-shock groups, but there was no apparent differ- 
ence between estrous and nonestrous mice, either with or 
without shock. A three-way (Ax BR) analysis of variance 
conducted on the line-cross data revealed a highly significant 
effect of shock vs no shock, F(1,71)=31, p<0.001; no effect 
of estrous state, F(1,71)<1; a highly significant effect of suc- 
cessive test minutes, F(2,142)=135, p<0.001; and a highly 
significant interaction between shock vs no shock and suc- 
cessive minutes, F(2,142)=54, p<0.001. None of the other 
possible interactions in the three-way analysis approached 
significance. 

Table 3 also shows the mean number of fecal boluses 
dropped during the 3-min test, for each of the four groups of 
subjects. A two-way analysis of variance revealed more def- 
ecation by estrous mice than nonestrous mice, F(1,71)=4.51, 
p<0.05; more defecation by shocked mice than nonshocked 
mice, F(1,71)=5.58, p<0.025; and no suggestion of an inter- 
action effect, F(1,71)<1. 


EXPERIMENT 3 


The main purpose of this experiment was to test again for 
a possible interaction between estrous state and condition of 
stress on open-field behavior, this time using illumination as 
the stress variable. Previous experiments had shown that 
bright light reduces ambulation and increases defecation dur- 
ing open-field testing in mice [3, 7, 13]. The principal hy- 
pothesis of the present experiment was that these effects of 
light would be greater at nonestrus than at estrus. A larger 
open-field arena was used than that of Experiment 2, be- 
cause previous studies [3,13] had shown that the effect of 
illumination on open-field ambulation in mice is greater in a 
large arena than in a small one. In a preliminary (unpub- 
lished) experiment, using the open field to be described be- 
low, we found that significantly more estrous than nonestr- 
ous mice entered the center squares of the open field. There- 
fore, an additional purpose of Experiment 3 was to test again 
the hypothesis that mice would explore the center of the 
open field more at estrus than at nonestrus, and to deter- 
mine if this effect interacts with lighting condition. 





GRAY AND COONEY 


TABLE 3 
AMBULATION AND DEFECATION IN SHOCK, OPEN-FIELD CHAMBER, EXPERIMENT 2 





Mean + SE Line-Crosses per min 


Test Condition Ist min 


2nd mint 


Mean + SE Boluses 


3rd min per 3 min test? 





No Shock 
Estrus (18) 
Nonestrus (20) 

Shock 
Estrus (20) 
Nonestrus (17) 


15.4 + 1.3 
15.3 + 1.0 


14.3 
13.6 


15.0 + 1.0 7.9 


17.1 + 0.9 9.4 


0.8 
0.9 





Number of subjects per group is given in parentheses. 
*No shock in Ist min, 3 low shocks in 2nd min, and 3 high shocks in 3rd min. 


* Significant effect of shock, p<0.001. 


+Significant effect of shock, p<0.025, and of estrous state, p<0.05. 


METHOD 
Subjects 


The subject pool consisted of 40 female CD-1 outbred 
albino mice, 99-104 days old on the first day of testing. 
These mice had all been used as subjects in the preliminary 
experiment mentioned in the above paragraph, which in- 
cluded several days of vaginal smears as well as one open- 
field test. The housing conditions were identical to those of 
Experiments | and 2. 


Overall Design 


Daily vaginal smears were taken from each mouse be- 
tween 8:00 and 9:00 a.m. After the first 3 days of smears, 
each mouse was tested in the open field on each day that it 
entered ‘“‘estrus’’ or ‘‘nonestrus,’’ using the same criteria as 
were defined for Experiment 1. Half of the mice were as- 
signed to be tested always in the bright, white light condi- 
tion, and the other half always in the dim, red light condition. 
Within each of these two groups, half were tested in the 
sequence estrus-nonestrus-estrus-nonestrus, and half in 
the opposite sequence. Seven of the 40 mice that started the 
experiment were excluded because of acyclicity (remaining 5 
days in estrus or nonestrus without changing state), and an 
additional five were excluded, by a random procedure, to 
maintain exact counterbalancing for estrous sequence within 
each illumination group. Of the 28 mice that remained, 12 
were in the red light group and 16 were in the white light 
group. All tests were conducted between 11:00 a.m. and 1:30 
p.m. 


Open Field Test Apparatus and Procedure 


The open-field test chamber was an open-topped plywood 
box, painted gray enamel, with a square floor 92 cm on a 
side, and walls 46 cm high. The floor was marked off by 
black lines into a grid of 16 squares, each 23 cm on a side. 
Illumination in the red light condition was provided by a 
25-watt red bulb suspended 1'/; m above the center of the 
open-field floor, and in the white light condition by the 
room’s fluorescent ceiling lights supplemented with two 
200-watt incandescent bulbs suspended, in reflector hoods, 


2'/2 m above the approximate center of the open-field floor. 
Illumination of the test floor (measured with a Weston Master 
6 exposure meter) was approximately 0.4 ft-c. in the red 
light condition, and 60 ft-c. in the white light condition. 
Each test was begun by placing the mouse in a corner of the 
open field, and lasted for 3 min. The data recorded were 
peripheral line crosses, central line crosses, latency to the 
first central line cross, and fecal boluses. A line cross was 
scored whenever the mouse crossed, with all four feet, one 
of the black lines demarking the squares of the open-field 
floor. If the line cross brought the mouse into one of the 
twelve peripheral squares (those adjacent to a wall) of the 
44 grid, it was scored as a peripheral line cross; if it brought 
the mouse into one of the four central squares of the grid, it 
was scored as a central line cross. After each test the open 
field was washed with a detergent solution and dried. 


RESULTS 


The results are summarized in Table 4. The data for (a) 
total (peripheral plus central) line crosses, (b) central line 
crosses, and (c) fecal boluses were analyzed by two-way 
(AXR) analyses of variance, with lighting condition as the 
independent factor (A) and estrous state as the dependent 
factor (R). The latency to enter a center square of the open 
field was analyzed by a Mann-Whitney U test collapsed 
across estrous state to determine any effect of lighting con- 
dition, and by a Wilcoxon matched-pairs test collapsed 
across lighting condition to determine any effect of estrous 
state. The only statistically significant results of these 
analyses were (1) more total line crosses in the red light than 
in the white light condition, F(2,26)=9.66, p<0.01, and (2) 
more center line crosses at estrus than at nonestrous, 
F(2,26)=4.75, p<0.05. The data in Table 4 also indicate more 
center line crosses and less defecation in red light than white 
light, less defecation at estrus than nonestrous, and reduced 
latency to enter a center square at estrus than nonestrus, 
but none of these effects quite reached the 0.05 level of sig- 
nificance. Of most importance, there was no suggestion of an 
interaction between lighting condition and estrous state on 
any of the four measures in this experiment. 
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TABLE 4 
AMBULATION AND DEFECATION IN LARGE OPEN FIELD, EXPERIMENT 3* 





Total 
Line 


Test Condition Crossest 


Central 
Line to Enter 
Crossest 


Latency (sec) 


Boluses Center 





Red Light (12) 
Estrus 
Nonestrus 

Bright Light (16) 
Estrus 
Nonestrus 


6.9 + 
8.0 + 


7.6 
9.4 





Number of subjects per group is given in parentheses. 

*Data for line-crosses and boluses are means + SEs per 6 min (two 3-min tests) in 
the open field. Data for latency to enter center are medians, over subjects, of the 
mean latency shown by each subject during two tests. 

tSignificant effect of lighting condition, p<0.01. 

tSignificant effect of estrous state, p<0.05S. 


GENERAL DISCUSSION 


None of the experiments described above supports the 
hypothesis that mice react less intensely to unavoidable 
stressful stimulation at estrus than at nonestrus; and, taken 
together, the experiments provide reasonably compelling 
evidence against that hypothesis. In Experiment | there 
were no differences between estrous and nonestrous mice in 
response latencies to thermal pain, in a test that was suffi- 
ciently sensitive to reveal a diurnal effect on response laten- 
cies. In Experiment 2 there were no differences between 
estrous and nonestrous mice either in immediate reactions to 
electric foot shock or in suppression of ambulation as a result 
of foot shock. While estrous mice defecated less than nones- 
trous mice, this was as true in the no-shock condition as in 
the shock condition, and could well be explained by the fact 
that female CD-1 mice, like female rats, eat less at estrus 
than at nonestrus (unpublished experiment conducted in 
our lab). In Experiment 3, mice tested in bright white light 
(stress condition) showed no greater effect of the estrous 
cycle on open-field behavior than did mice tested in dim red 
light (nonstress condition). 

One interesting effect of the estrous cycle that was ob- 
served in the present study is the increased exploration of 
the center of the open field at estrus, which occurred both in 
Experiment 3 and in a preliminary experiment. This effect 
cannot readily be explained as due to increased general ac- 
tivity at estrus, because there was no effect of estrous state 
on total ambulation in either experiment. In fact, none of the 
experiments conducted in our lab with CD-1 mice has re- 
vealed an effect of the estrous cycle on general locomotor 
activity, except for a relatively small effect in 24-hour 


activity-wheel tests (unpublished experiment), which 
suggests that they are different from rats in this regard. The 
increased exploration of the center of the open field ob- 
served in the present study is consistent with previous find- 
ings, in our lab, that estrous mice showed less avoidance of a 
chamber in which they had been shocked [9], and less 
avoidance of a brightly illuminated chamber [10], than 
nonestrous mice. If we assume that the center of an open 
field, the shock chamber of a shock-avoidance apparatus, 
and the brightly illuminated chamber of a light-avoidance 
apparatus all represent ‘‘dangerous”’ places to a mouse, then 
these results are all consistent with the hypothesis that mice 
are more prone to enter, or remain in, dangerous places at 
estrus than at nonestrus. 

Although not directly relevant to the main purpose of this 
study, it is worth noting that the diurnal effect on hot-plate 
response latencies found in Experiment | is consistent with a 
diurnal effect on hot-plate response latencies reported for 
adult CF-1 male mice [5], but opposite in direction from an 
effect reported for immature Cox standard mice of un- 
specified gender [6]. 

We conclude this report by proposing the following char- 
acterization of the effect of the estrous cycle vis-a-vis stress- 
ful stimulation in CD-1 mice, which is supported both by the 
present study and previous work in our lab: Estrous mice, as 
compared to nonestrous mice, show reduced avoidance of 
potentially dangerous or stressful places, but they do not 
show reduced behavioral reactions to unavoidable stressful 
stimulation. We believe that this sort of characterization, in 
behavioral terms, is more useful than an attempt to describe 
the difference between estrous and nonestrous animals in 
such non-behavioral terms as ‘“‘emotionality’’ or ‘‘fear.”’ 
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PORIKOS, K. P., M. F. HESSER AND T. B. VAN ITALLIE. Caloric regulation in normal-weight men maintained on a 
palatable diet of conventional foods. PHYSIOL. BEHAV. 29(2) 293-300, 1982.—The spontaneous food intake of six 
normal-weight male volunteers was measured for 24 days while the subjects were inpatients on a metabolic unit. They were 
fed a palatable diet of conventional foods and were kept unaware that their food intake was being measured. On days 7-18 
the caloric content of their diet was covertly reduced by 25% by substituting aspartame-sweetened analogues for all menu 
items containing sucrose. Subjects did not alter their food intake for 3 days. Then between days 4-6 on the aspartame diet, 
they increased their intake to compensate for 40% of the missing calories. Food intake stabilized at 85% of baseline and 
remained the same for the rest of the 12-day dilution period. Subjects did not show a shift in either sweetened or 
unsweetened food choices while their diet was being diluted. In adjusting for the missing calories, they simply ate more of 
their customary diet. The replacement of sucrose by aspartame tended to curb the weight gain observed on the baseline 


diet. 
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NORMAL rats have been shown to adjust their food intake 
in response to caloric dilution so that they maintain a rela- 
tively constant level of energy intake. When the caloric den- 
sity of their laboratory diet is either reduced or increased, 
they alter the number of grams they consume to compensate 
for the change [1, 5, 29, 32]. Recent studies suggest that this 
‘“‘defense’’ of caloric intake may not be as ‘“‘constant’’ as 
originally thought. Experimenters have offered rats more 
varied and tasty diets of supermarket foods in an effort to 
simulate the human eating situation. Under these circum- 
stances, rats overeat and many of them gain weight and be- 
come obese [18, 19, 23, 24]. 

Although these animal studies are theoretically interest- 
ing, it cannot be assumed that their results will necessarily 
generalize to the human condition. Of more immediate rele- 
vance to the control of human eating behavior are the hand- 
ful of studies on caloric regulation done on people for periods 
of up to 14 days [2, 25, 34]. All of these experiments have used 
liquid formula diets which were diluted with water. Unfortu- 
nately, the results of these studies have been inconsistent, 
with the discrepancy in outcome possibly due to uncon- 
trolled cognitive cues. The generalizability of the results of 
these studies is further limited by the fact that only liquid 
diets were available. 





Diet palatability Dietary obesity 


The recent development of highly palatable, calorically 
dilute, food analogues is rendering the question of caloric 
regulation in people amenable to more meaningful investiga- 
tion. Among the new diluents is aspartame, a synthetic di- 
peptide which is two hundred times as sweet as sugar on a 
per gram basis. It can be added to a regular diet in small, 
calorically insignificant amounts to mimic the sweet taste of 
much larger quantities of sugar. Furthermore, aspartame 
does not have the bitter aftertaste frequently associated with 
other artificial sweeteners and is rated by subjects as having 
a taste very much like sucrose [22]. Aspartame is considered 
to be safe for human consumption under conditions of nor- 
mal use [4, 26-28] and has recently been approved as a food 
additive by the United States Food and Drug Administra- 
tion. It is hydrolyzed in the gut to its component parts, as- 
partic acid, phenylalanine, and methanol, which then follow 
their normal metabolic pathways [17]. The amount of 
methanol released over one day is small and is comparable to 
the amount found in a daily portion of natural foods. 

The main objective of the present study was to determine 
whether normal-weight people would defend their habitual 
level of energy intake when the caloric density of a conven- 
tional diet was diluted by the substitution of aspartame for 
sucrose. The subjects were informed that they would receive 
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TABLE | 
SUBJECTS PROFILES 





Subject 
Symbol 
Fig. 1 


Subject 


Number (cm) 


Age 


Height 


Relative* 
Weight 
(%) 


Initial 
Weight 
(kg) 


Percent? 
Body Fat 





34 180 
49 160 
37 181 
50 187 
24 183 
45 164 


Mean 39.8 175.8 


78.4 +5 
58.5 -3 
77.8 +2 
78.0 —6 
83.3 +8 
57.2 ~9 


—0.5 


pa: 





*Based on tables of desirable weights published by the Metropolitan Life Insur- 


ance Company. 


+Based on measurements of total body potassium. 


the new synthetic dipeptide, aspartame, but they were not 
aware that it was present in their food. Considerable care 
was taken to make sure that the subjects were not aware that 
their food intake was being monitored or that their diet was 
being diluted. As a result, any tendency to compensate 
should be due to physiologic signals rather than cognitive 
cues. The study also provided the opportunity to observe 
changes in body weight when people were given a conven- 
tional diet of palatable foods. 


METHOD 
Subjects 


The subjects were six male paid volunteers. They were 
recruited through newspaper advertisements and screened 
by a psychologist, a physician, and a nutritionist. They had 
to be in good health, of normal body weight with no history 
of overweight, and have dietary habits which included reg- 
ular consumption of sucrose-sweetened foods to be admitted 
to the study. Those on special diets were excluded from the 
study. Assessment of normal body weight and body com- 
position included comparisons of observed weight with the 
Metropolitan Life Insurance Company’s norms for desirable 
weight [10] and measurements of total body fat by 
anthropometric methods and total body potassium [13]. 
Table 1 summarizes the subjects’ age, height, body weight at 
the beginning of the study, body weight as percentage of 
desirable weight and total body fat as percentage of total 
weight. 

Five additional volunteers, four men and one woman, 
also began the study but are not included in the final data 
analysis. Three of the men were discharged before they 
completed the study for medical problems which developed 
in the baseline period [16]. The data from one male volunteer 
who did complete the study were excluded when he was 
found to have shared food with visitors. The data from the 
single woman were eliminated when she was discovered to 
have systematically eliminated carbohydrate from her diet, 
in an apparent attempt to control her intake. The response of 
these last two subjects to the covert dilution of their diet 
followed the same pattern of incomplete compensation seen 
in the six subjects reported below. 


Procedure 


The true purpose of the experiment was concealed from 
the subjects until the end of the study so as not to affect 
spontaneous food intake. Instead, the stated rationale was to 
investigate ‘‘the metabolic breakdown of a new synthetic 
protein, aspartame.’ Aspartame was actually the caloric di- 
luent used in the study, but none of the subjects was aware 
that it is a sweetener. Once a day at breakfast the volunteers 
received a red-coated multivitamin which they believed to be 
either the experimental substance or a placebo. To lend 
further credence to the cover story and to monitor the sub- 
ject’s general health, urine samples were collected daily and 
blood samples were taken every six days. Standard labora- 
tory tests were performed on these specimens. 

All subjects participated in eight consecutive three-day 
periods with the sequence of periods the same for all sub- 
jects. Periods I and II consisted of the baseline “‘high su- 
crose’’ diet. Periods III-VI consisted of the calorically di- 
luted diets, produced by the substitution of aspartame- 
sweetened analogues for all sucrose-sweetened items on the 
menu. Periods VII and VIII represented a return to the 
baseline diet served during periods I and II. The menu items 
for which aspartame-sweetened analogues were available 
included beverages (sodas and fruit-flavored drinks), des- 
serts (puddings, gelatins, ice cream and frozen fruits in 
syrup), condiments (jam and pancake syrup), and a pow- 
dered table top sweetener. 

The first four subjects had one to two extra days in the 
hospital on the baseline diet before the study began. The last 
two subjects had 12 and 6 extra adjustment days, respec- 
tively. These additional days at the beginning of the study 
were included to determine the effects of a longer baseline 
period, but they did not alter the pattern of results. Three of 
the subjects also completed six additional days on the 
baseline diet following period VIII. Only the baseline days 
all subjects had in common, i.e., the 6 days immediately 
before and after the 12 days on the aspartame-sweetened diet 
were used in calculating the results reported below. 

The method of food presentation was a modification of 
the platter service developed by Porikos et al. [14]. The plat- 
ter service was designed to encourage spontaneous food in- 
take by allowing subjects to help themselves throughout the 
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day from a plentiful and varied supply of food. At each meal 
subjects served themselves from platters and pitchers that 
contained three to four servings of each menu item. Break- 
fast typically consisted of eggs and bacon, a fruit-flavored 
drink and coffee. A popular breakfast alternative was French 
toast, syrup and sausages. Lunch and dinner included a hot 
entree, a vegetable, potatoes or rice, a sweetened beverage 
and a sweetened dessert. Two to three times a week lunch 
was changed to soup, sandwiches and a salad with, of 
course, a sweetened beverage and dessert. One complete 
menu cycle lasted two weeks. 

In addition to meals subjects had snacks available 24 
hours per day in a bedside refrigerator. The snack tray, de- 
livered once a day in the morning, contained a sweetened 
beverage, a sweetened dessert and several pieces of fruit. To 
ensure an adequate intake of sweetened products, subjects 
were required to drink at least two sodas per day as part of 
the protocol. They were told that these sodas “‘helped in the 
digestion of the dipeptide’’, and the drinks were served to 
them by a nurse at 3 p.m. and 8 p.m. 

The main difference between the method of food presen- 
tation in this study and that of our earlier report was an 
increase in the appeal and variety of the sweetened foods. 
Tarts and parfaits made from puddings and cheesecake and 
sherbet made from fruit-flavored gelatins replaced large 
bowls of plain pudding and gelatin. In addition, all three 
meals in this study were offered by the platter service as 
opposed to only lunch and dinner in the earlier one. 

Subjects were housed singly or with one other research 
volunteer on a metabolic research ward. Each morning be- 
fore breakfast and after voiding, they were weighed in their 
bedclothes. They were not told their body weight so as to 
discourage their trying deliberately to gain or lose weight. 
The eye-level face of the Toledo scale had been turned 
around so that subjects could not see their weight. During 
the day subjects were encouraged to move around the unit, 
with the exception of the research kitchen. Meals were 
served at 8 a.m., 12 noon and 5 p.m. in the subjects’ rooms. 

All food was weighed, without the subjects’ knowledge, 
immediately before and after each meal and once a day in the 
morning for snacks. The grams eaten of each menu item 
were translated by computer analysis into total daily kcal, 
total daily kcal as sucrose and total daily grams of protein, 
fat, and carbohydrate. The caloric value and nutrient com- 
position per 100 g of most menu items, as stored in the com- 
puter, were derived from the standards in Handbook No. 8 
of the U.S. Department of Agriculture [31]. For special menu 
items such as sweetened desserts, these values were calcu- 
lated by recipe ingredient analysis. 

All food intake data were analyzed by two-way analyses 
of variance with subjects as one variable and experimental 
periods as a repeated measure as the other. The data points 
were mean daily intake averaged over three days for each 
subject. When an analysis of variance indicated a significant 
effect for experimental periods, specific comparisons be- 
tween individual cell means were made by F tests [33]. Body 
weight data were analyzed by two-tailed /-tests for paired 
observations. 


RESULTS 


The covert substitution of aspartame for sucrose in a diet 
of conventional foods produced a highly significant effect on 
energy intake, F(7,35)=8.46, p<0.01. Figure 1 shows mean 
daily caloric intake per three-day experimental period and 
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FIG. 1. Mean daily energy intake (+SEM) as a function of experi- 
mental periods. During periods I, II, VII and VIII subjects received 
the sucrose-sweetened diet and during periods [II-VI the 
aspartame-sweetened diet. The solid line in the lower section of the 
graph shows the average daily intake per three-day period for the six 
subjects as a group. The symbols show the same data for each 
subject individually. A key to the symbols appears in Table 1. The 
upper section of the graph represents changes in body weight (kg) 
over the course of the experiment. The dotted line shows the aver- 
age initial weight of the six subjects (baseline) and the solid line 
represents the average cumulative change from baseline at the end 
of each experimental period. 


mean cumulative change in body weight at the end of each 
experimental period for the six subjects who successfully 
completed the protocol. Subjects consumed 3632 kcal/day 
across all sucrose periods (baseline) and 3010 kcal/day 
across all aspartame periods (p<0.01). Initially, in period III, 
subjects decreased their intake 887 kcal (24%) below baseline 
in response to the aspartame substitution. During the next 
three aspartame periods, they increased their food intake by 
354 kcal relative to period III (»<0.05). However, their en- 
ergy intake averaged over periods IV, V, and VI remained 
significantly below that of the four sucrose periods (p <0.01). 

Body weight was also affected by the dietary manipula- 
tions. Subjects gained weight on the baseline diet. They 
tended to lose the weight they had gained and then maintain 
a stable body weight on the aspartame diet. The average 
weight gain over each pair of sucrose periods (I and II; VII 
and VIII) was 0.8 kg (p =0.06 and p<0.05, respectively). The 
average weight loss over the first pair of aspartame periods 
(III and IV) was also 0.8 kg (p<0.10). The average daily 
energy requirement for an adult male engaged in sedentary 
work is roughly estimated as 2500 kcal/day and for one doing 
light industrial work, 3000 kcal. The range of activities 
possible on a hospital ward is necessarily limited and cer- 
tainly no more than that available to a factory worker. There- 
fore, the baseline caloric intake of 3632 kcal/day is clearly in 
excess of estimated energy needs and consistent with the 
observed weight gain. 
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TABLE 2 


PERCENTAGE COMPENSATION IN SIX NORMAL-WEIGHT MALES MAINTAINED ON A PALATABLE DIET OF 
CONVENTIONAL FOODS DILUTED WITH ASPARTAME 





Period III 


Percentage* 
Decrease 
In Intake 


Percentage* 
Dilution 


Subject 
Number 


Percentaget 
Compensation 


Periods IV-VI 


Percentage 
Decrease 
In Intake 


Percentage 
Compensation 


Percentage 
Dilution 





23 21 
22 16 
24 23 
24 27 
35 31 
26 26 


Mean 26 24 





17 26 
10 55 
13 46 

8 62 
20 39 


22 12 


15 40 








*Percentage dilution of the diet by the substitution of aspartame for sucrose. 


*Percentage decrease in intake relative to baseline. 


+Percentage compensation = (percentage dilution minus percentage decrease in intake) divided by percentage 


dilution. 


Throughout the experiment subjects were free to eat as 
much as they liked of the various menu items. Therefore, the 
dilution of the diet had to be calculated for each subject 
individually on the basis of his actual food choices. A 
hypothetical value was generated for each three-day dilution 
period to indicate what each volunteer's caloric intake would 
have been had the sweetened products that he ate contained 
sucrose instead of aspartame. The difference between this 
hypothetical score and the caloric value of his actual intake 
equals the dilution. The number of calories diluted from the 
diet divided by the hypothetical daily intake if sucrose had 
been in place of aspartame equals the percentage dilution. 
This value represents the calculated savings. However, the 
subject could increase his food intake on the diluted diet. To 
the extent that a volunteer began to adapt to the missing 
calories by eating more, his actual caloric savings would be 
less than his calculated one. The actual savings is equivalent 
to the percentage decrease in measured food intake relative 
to baseline. It can be operationally defined as the average 
daily intake in kcal during the dilution period(s) divided by 
the average daily intake over the four baseline periods sub- 
tracted from 100. The percentage dilution of the diet (calcu- 
lated savings) as well as the percentage decrease in intake 
relative to baseline (actual savings) are presented in Table 2 
for each subject for the first aspartame period and for the 
three final aspartame periods combined. 

By comparing percentage dilution of the diet to percent- 
age decrease from baseline, one can discover how much 
caloric compensation occurred. This percentage compensa- 
tion can be operationally defined as (percentage dilution 
minus percentage decrease from baseline) divided by per- 
centage dilution. The data in Table 2 indicate that on the 
average very little caloric compensation took place during 
the first three days on the diluted diet. In period III the 24% 
decrease in intake relative to baseline is very similar to the 
average dilution of the diet (26%). There is one noteworthy 
exception, subject 2, who ate so as to replace 27% of his 
missing sucrose calories within three days. During the next 
three aspartame periods the subjects did not change the per- 
centage of aspartame products that they ate. Dilution of the 
diet remained almost identical at 25%. However, they in- 


creased food intake to 85% of baseline levels. As a result, 
during the final three aspartame periods, subjects compen- 
sated for 40% of the missing sucrose calories. 

From these data one can infer that the initial decrease in 
caloric intake in period III and the chronic caloric deficit in 
periods IV-VI represent true caloric savings associated with 
the replacement of sucrose by aspartame and not any rejec- 
tion of the aspartame-sweetened analogues. This conclusion 
is supported by an analysis of variance on the total quantity 
of sweetened foods ingested over the eight experimental 
periods, F(7,35)=1.15, ns. The data are shown graphically in 
Fig. 2. Subjects consumed the aspartame- and sucrose- 
sweetened products in equivalent amounts. We did not test 
whether the subjects could detect the aspartame by having 
them taste aspartame- and sucrose-sweetened products one 
after the other. However, from the constant intake of 
sweetened items throughout the study, we infer that subjects 
did not detect the substitution or, if they did, that they found 
the tastes equally acceptable. In informal pilot testing, vol- 
unteers from our laboratory were not able reliably to distin- 
guish the aspartame from the sucrose products. 

Since aspartame allows for the removal of almost all su- 
crose calories from the diet, one would necessarily predict a 
significant decrease in carbohydrate intake as a function of 
diet condition. This effect was indeed observed, 
F(7,35)=27.34, p<0.01. The replacement of sucrose by as- 
partame produced a 52% decrease in carbohydrate intake 
relative to baseline (p<0.01). Figure 2 shows the mean daily 
intake of total carbohydrate, fat, and protein (kcal/d). Since 
all of the nutritive dilution took place in the carbohydrate 
fraction of the diet, the introduction of aspartame produced 
an immediate shift in the composition of the diet. The sub- 
jects’ baseline diet contained 57% carbohydrate, 30% fat, 
and 13% protein. With the removal of sucrose from the diet 
in period III, the proportions of the dietary components be- 
came 37% carbohydrate, 44% fat, and 19% protein. A change 
in the composition of the diet could be either a simple conse- 
quence of the decrease in the percentage carbohydrate in the 
diet or it could represent an active change by the subjects in 
their food choices. These two alternatives can be resolved by 
comparing the composition of the baseline diet without the 
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FIG. 2. Mean daily intake of total carbohydrate, fat and protein (in 
kcal+SEM) and of sweetened products (in g+SEM) for the six sub- 
jects as a function of experimental periods. 


sucrose calories with that of period III. When the sucrose 
calories are subtracted from the baseline diet and the per- 
centages of the remaining carbohydrate, fat and protein are 
calculated, these percentages closely resemble those of the 
first dilution period, with 41% carbohydrate, 41% fat and 
18% protein. One can conclude from this comparison that 
subjects are continuing to eat during period III the same 
types of foods as they chose during the baseline period, with 
no change in their relative preference for nonsucrose carbo- 
hydrate, fat and protein. 

During periods IV through VI the subjects made a partial 
adjustment to the dilution of their diet. Fat and protein intake 
were both significantly affected by diet condition, 
F(7,35)=3.43 for fat and 4.79 for protein, p<0.01 in both 
cases. During periods IV—VI fat intake was 18% higher than 
baseline (p<0.01) and protein intake 15% higher (p<0.01). 
This change in protein intake cannot be attributed to the 
aspartame itself as the total daily intake of the dipeptide 
averaged only 1.64 g or 6.5 kcal. Carbohydrate intake was 
approximately 200 kcal more than what it had been during 
period III (p=0.06) Therefore, intake of all three dietary 
components increased during periods IV-VI. From these 
data one cannot tell whether subjects were making equiv- 
alent increases in all three categories of food or were select- 
ing particular types of foods in favor of others, for example 
carbohydrate because of the nature of the dilution. There- 
fore, the composition of the diet during periods IV-VI was 
compared with that of period III. It was found to be essen- 
tially the same, with 40% carbohydrate, 42% fat, and 18% 
protein. From these comparisons and the data in Table 2 
indicating that the proportion of sweetened foods remained 
the same throughout the study, one can conclude that the 
subjects did not change their food choices during the dilution 
periods. In adjusting for the missing calories, they simply ate 
more of their regular diet. 


DISCUSSION 


Caloric Regulation 


In this study normal-weight males on a palatable diet of 
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conventional foods did not fully compensate for a covert 
caloric dilution of their diet. Within four to six days of the 
substitution of aspartame for sucrose, they increased their 
food intake and replaced 40% of the missing sucrose calories. 
However, they compensated no further for the dietary dilu- 
tion, and their energy intake on the aspartame-sweetened 
diet stabilized at 85% of baseline. The decrease in caloric 
intake during the aspartame periods represents a true caloric 
savings. There was no change in the consumption of 
sweetened products when sucrose was replaced by aspar- 
tame. 

We know of no other study which has employed a con- 
ventional diet to study the regulation of caloric intake in 
man. In the past there were no acceptable methods available 
for diluting standard foods. Instead, liquid formula diets had 
to be used which could be diluted by adding water. The fact 
that familiar and appetizing foods could be employed in this 
study greatly enhances the relevance of the conclusions to 
everyday situations. 

The fact that compensation for caloric dilution with aspar- 
tame is incomplete has an important practical implication. It 
suggests that low calorie food analogues could be useful ad- 
juncts in weight control. A caloric saving of 10-15% is of the 
same order of magnitude as that obtained with anorectic 
agents but considerably safer [15]. A sustained caloric deficit 
of 10% a day in a person who normally eats 2500 kcal per day 
represents a potential weight loss of 25 pounds per year. The 
present study was not conducted for a long enough period of 
time to allow a significant weight loss to occur. To determine 
the long-term effectiveness of aspartame-sweetened foods in 
weight reduction, we need outpatient studies where subjects 
knowingly use aspartame-sweetened products in their stand- 
ard diet for periods of several months. 

The results of this study support the findings of earlier 
reports which studied caloric regulation using liquid diets. 
There are three such studies, and all of them showed that 
caloric compensation was at least somewhat incomplete. 
Their results are summarized in Table 3 [2, 25, 34]. Although 
the degree of similarity may be serendipitous, the average 
percentage compensation observed, 37%, is very close to 
that in the present study. The variability among these studies 
in the degree of compensation they found is noteworthy. On 
the diluted diets, the subjects’ intakes range from 52 to 95% 
of baseline. Two variables which may be important in ex- 
plaining the differences in outcome are the length of the dilu- 
tion periods and the cognitive cues available to the subjects 
as to amounts ingested. Campbell and Spiegel (group B) 
employed 5 to 15 day study periods and found evidence for 
good adjustments in intake whereas Wooley and Spiegel 
(group A) measured intake on the diluted diet for only 4 to 8 
days and observed little compensation. Even though Spiegel 
noted that her subjects who failed to adjust were generally 
studied for more than 5 days, her short study periods with 
group A and those of Wooley could be responsible for their 
failure to find caloric regulation. On the other hand, longer 
study periods are no guarantee that one will find complete 
caloric regulation as evidenced by this study. 

The variable which more plausibly accounts for the dis- 
crepancies in outcome among these studies is a cognitive 
one, i.e., whether subjects could see what they were eating 
and estimate their intake. The subjects who regulated their 
caloric intake best, those in the Campbell study and in group 
B of the Spiegel study could not see their food. It was kept in 
a concealed reservoir, and they drank through a long straw. 
As Campbell and his associates point out, the only way for 
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TABLE 3 


PERCENTAGE COMPENSATION IN NORMAL-WEIGHT ADULTS MAINTAINED ON LIQUID FORMULA DIETS 
DILUTED WITH WATER 





Length of 
Dilution Periods 


Number of 


Study Subjects (days) 


Percentaget 
Decrease 
In Intake 


Percentaget 
Compensation 


Percentage* 
Dilution 





Campbell et al. [2] 5-15 
Spiegel [25] 

Group A 

Group B 
Wooley [34] 


Mean 


37 87 


50 4 
50 2 46 
44 39 11 


45 37 





*Percentage dilution of the diet with water. 
*+tHeadings as defined in Table 2. 


subjects to monitor their intake would have been by ‘“‘count- 
ing the mouthfuls’’. On the other hand, the subjects who 
failed to show sufficient compensation, those in the Wooley 
study and in group A of the Spiegel study, ate from opaque 
containers and could easily judge the amount they were con- 
suming. Their failure to compensate would result if they ate a 
fixed quantity of both the normal and diluted diets. The sub- 
jects had no reason to suspect a decreased caloric content 
during the dilution periods because the diluted diets had been 
matched for taste and texture with the standard formula. Yet 
to consume the same number of calories they had ingested 
during the baseline period, they would have had to double 
their volume of intake. Under these conditions the volun- 
teers ate the same volume of food rather than the same 
number of calories. Cognitive cues apparently overrode 
physiologic ones. On the other hand, when cognitive signals 
were minimized by means of a concealed reservoir and sub- 
jects had to rely on physiologic cues, evidence for good 
caloric regulation emerged. 

In the present study cognitive cues were intermediate in 
salience between those of the concealed reservoir and those 
of the cup-in-hand studies and so was caloric regulation. 
Cognitive cues were strong insofar as the subjects could see 
what they were eating and were familiar with the foods in the 
diet. However, the influence of cognitive cues was counter- 
balanced by at least two factors. First, the number of menu 
items offered over a given day was large. To keep careful 
track of one’s daily intake, one would have had to remember 
the amount eaten of 20 to 30 menu items and convert vol- 
umes of varying nutritive density to calories. Second, the 
experimenter’s cover story was designed to minimize atten- 
tion to external cues and stress attention to physiologic 
signals. The experimenter explained that it was important for 
the subjects to maintain themselves in a ‘‘stable metabolic 
condition’, which could best be achieved by eating however 
much ‘‘felt right’’ to them at any given time. 

Failure to compensate accurately for the dilution of the 
diet was observed for total carbohydrate as well as total 
calories. Even though the dietary dilution took place solely 
in the carbohydrate fraction of the diet, with sucrose being 
eliminated, subjects did not alter their food choices during 
the aspartame periods in favor of carbohydrate. They made 
the same food selections throughout the experiment. As a 
result, the percentage of fat in the diet rose from 30% to 42% 


during the aspartame dilution period. Whereas the decrease 
in energy intake would be an advantage for many using as- 
partame, would the increase in fat intake be problematic in 
terms of elevated blood lipids, i.e., serum cholesterol and 
triglycerides? We do not think so. Within the time frame of 
this study, we found no evidence for an increase in serum 
cholesterol during the substitution of aspartame for sucrose. 
In addition, we observed a highly significant decrease of 26% 
in plasma triglycerides during the aspartame relative to the 
baseline periods. 

As for aspartame itself presenting any health risks, we 
observed no side effects in our subjects, as monitored by 
routine blood tests for hepatic and renal function. In fact, 
some subjects showed an improvement in hepatic function 
on the aspartame- as compared to the sucrose-sweetened 
diet [16]. The laboratory profiles of the subjects in this study 
will be presented in detail in another report. Other inves- 
tigators also report no side effects. Frey [4] has studied the 
clinical effects of aspartame in a 13-week double-blind study 
in adolescents. Half of his subjects consumed up to 50% 
more aspartame a day than our subjects and still showed no 
clinically significant differences from the control subjects in 
the laboratory tests performed. Stegink ef al. [28] have 
shown that aspartame is metabolized quickly after a meal, 
allowing for little accumulation of aspartate, phenylalanine 
or methanol and therefore little opportunity for toxicity. 


Body Weight and Diet Palatability 


The main purpose of the present study was to monitor the 
effects of covert caloric dilution on food intake. However, 
the experiment also provided an opportunity to find out how 
normal-weight volunteers would respond to a highly palata- 
ble diet in a situation where food intake and body weight 
could be accurately measured. The diet in the present study 
was considerably more appealing in terms of both taste and 
variety than liquid formula diets or typical hospital fare. It 
was also more palatable than the subjects’ customary diet, as 
described to the research dietitian in a nutritional screening 
prior to the study. Nutritional histories are available for four 
of the six subjects. They provide information about the fre- 
quency with which subjects habitually ate a large number of 
food items. They indicate that only one subject ate desserts, 
sodas, and sweetened beverages on a daily basis, although 
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all subjects liked sweets, and only one ate foods in the 
meat-fish-poultry and cheese-egg groups every day. Non- 
meat entrees were a frequent part of the subjects regular 
diets, usually because of economic and social factors. Only 
one subject customarily ate three meals a day, two being the 
average number for the rest of the volunteers. The subjects 
were typically single men, living alone, with limited eco- 
nomic resources. 

The varied diets which the subjects were offered in the 
hospital contained significantly more meat dishes, desserts 
and sweetened beverages than subjects reported eating at 
home and larger quantities of them. Meiselman et a/. [9] ina 
survey of the food preferences of 3800 members of the US 
Armed Forces found that entrees were more highly preferred 
than other food groups. Leon and Chamberlain [8] reported 
that meats and sweets were the items normal-weight subjects 
described as their ‘‘most preferred’’ foods. Therefore, the 
regimen in the present study represents a more palatable diet 
in terms of both taste and variety than the subjects were 
accustomed to eating. 

The subjects overate and gained weight when faced with a 
palatable diet of conventional foods available virtually ad lib. 
The fact that a gain occurred both before and after the aspar- 
tame periods minimized the likelihood that the incomplete 
compensation for the dilution could be explained as an adap- 
tation to the initial weight gain. The increase in body weight 
on the baseline diet provides experimental evidence for the 
widespread popular belief that the palatability of food is what 
makes people gain weight. The increased incidence of obe- 
sity in industrialized countries has been correlated with their 
increased consumption of highly palatable refined sugars and 
fats [30]. However, until now there has been no direct evi- 
dence in man that palatable diets promote food intake in 


excess of energy requirements, with a resulting gain in 
weight. 
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A variety of highly palatable diets has been shown to 
induce overeating to obestiy in the rat. Several investigators 
have produced obesity in the rat with a high fat diet [3, 11, 
12, 20, 21] or by offering palatable sucrose solutions in addi- 
tion to standard laboratory chow [6]. However, Sclafani and 
Springer [24] have devised the most provocative method of 
producing dietary obesity. They have simply offered their 
animals a diet of supermarket foods such as marshmallows, 
cheese, salami, peanut butter and chocolate chip cookies and 
found that the rats gained substantial amounts of weight. The 
present results showing that human beings tend to gain 
weight on a varied diet of conventional foods provides evi- 
dence that the rat made obese on supermarket foods may be 
an appropriate animal model for gaining understanding of 
human obesity. 

In summary, normal-weight adults did not regulate their 
caloric intake accurately when offered a palatable diet of 
conventional foods ad lib. They failed to increase their vol- 
ume of intake on the covertly diluted diet sufficiently to 
maintain a constant level of caloric intake. They consistently 
overate on the baseline diet and gained weight. These results 
lend support to the viewpoint that normal-weight human be- 
ings do not show precise physiologic regulation of caloric 
intake under near-normal conditions. 
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TOLU, E., O. MAMELI AND P. L. DE RIU. Relationship between cerebral nystagmogenic area and spinal cord. 
PHYSIOL. BEHAV. 292) 301-305, 1982.—The effect of section of the spinal cord upon the cerebral nystagmogenic area 
was investigated in rabbits. Cervical transection was found to result in an increase of excitability of such area, which is 
demonstrated by lowering of the threshold for cerebral eye nystagmus, whereas dorsal spinal transection does not affect the 
cerebral nystagmogenic area. Moreover,it was found that stimulation of the proximal stump of the spinal cord, at level of 
the dorsal quadrants, depresses the excitability of the cerebral nystagmogenic area, while ventral quadrants stimulation has 
a facilitating effect on the CNA. Modification of the excitability of the cerebral nystagmogenic area was also studied 
recording NPPs (Non-Primary Potentials) and unitary responses to photic stimulation prior to and after cervical transection 
as well as following dorsal and ventral quadrants stimulation. The Authors suggest that since the nystagmogenic area is 
located in the perivisual fields it receives visual and sensitive afferent impulses from the upper part of the body and it, in 
turn, projects onto the oculomotor nuclei, so that it could be considered as an integrator center for extrinsic musculature of 


the eye. 


Cerebral nystagmus Spinal cord 


Cervical transection 


Non-primary potentials 





EYE nystagmus can be elicited by electrical stimulation of a 
cerebral nystagmogenic area (CNA). This area is localized in 
the temporo-parietal cortex in the guinea pig [8], in the 
temporo-occipital cortex in the rabbit [15] and in the 
occipito-parietal cortex in the cat [14]. Peculiar charac- 
teristics of the cerebral eye nystagmus are: direction in the 
horizontal plane of the orbit, the quick phase directed 
towards the side contralateral to the stimulation and direc- 
tion of the post-nystagmus that does not reverse [8, 14, 15]. 

A mesodiencephalic center whose electrical stimulation 
evokes eye nystagmus with characteristics similar to those of 
cerebral nystagmus has also been described [1, 4, 13] and an 
anatomical relationship between the cortical area and the 
mesodiencephalic center has been found by Marchi’s 
method [9,16]. It has been demonstrated in rabbits that im- 
pulses travelling through an optic nerve inhibit the contralat- 
eral cerebral nystagmogenic area, since in this animal the 
optic pathways are totally crossed [18]. This result is 
stressed by the fact that section of an optic nerve enhances 
the excitability of the ipsilateral nystagmogenic area due to a 
contralateral disinhibition; as a consequence, the eye nys- 
tagmus elicited by stimulating one cerebral nystagmogenic 
area is inhibited by simultaneous stimulation of the ipsilat- 
eral optic nerve and facilitated by the section of the same 
optic nerve [3]. Furthermore, the inhibitory action of light on 
eye nystagmus brought about by electrical stimulation of the 
mesodiencephalic center [10] or by alcohol [2] was also re- 
ported. 





The nystagmogenic area is localized in the perivisual 
area, so it is not surprising that it can be influenced by the 
visual input [24]. However, studies are lacking on whether 
other afferent inpulses may influence the cerebral nystag- 
mogenic area. Since the nystagmogenic area is a cerebral 
center involved in the oculomotor system [17], the aim of the 
present research was to explore whether signals travelling 
through the spinal cord may modify the excitability of the 
cerebral nystagmogenic area as visual input does, and then 
to establish the role of the spinal cord in the modulation of 
this area. 


METHOD 


Twenty-three adult rabbits of both sexes, weighing 2-3 kg 
were used. Under ether anaesthesia, the animal was put 
prone on the operating table, the head being fixed in normal 
position by means of a head holder. The left temporo- 
occipital region was exposed by craniotomy and the surface 
was protected by warm mineral oil. The ether was discontin- 
ued, and all the operatory wounds were infiltrated with 
Xilocaine. The animal’s condition was controlled by blood 
pressure, ECG, EEG and pupil diameter. The experiment 
started at least one hour after ether anaesthesia was stopped. 
The left nystagmogenic area was identified by electrical 
stimulation with bipolar silver electrodes. Square pulses (2-9 
V, 15-30 Hz, 1 msec duration), delivered by a Grass S8 
stimulator were employed. Once threshold was found, the 
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effect of increasing the intensity of the stimulus was 
checked. The eye nystagmus was recorded by means of 
silver ball electrodes placed in the right sclera, connected 
with DC amplifier of a model 7 Grass Polygraph. The spinal 
cord was then sectioned under ether anaesthesia and one 
our elapsed before observations were resumed. Twenty 
animals had spinalization at C2 and three at T4 level. After 
the cervical section, artificial ventilation started. Once spinal 
shock had faded away, eye nystagmus was elicited by cere- 
bral stimulation and threshold level was again established. 
Bipolar tungsten electrodes (100 4m in diameter) insulated 
except the tips were then inserted in the proximal stump of 
the spinal cord. Dorsal and ventral quadrants were succes- 
sively stimulated. A threshold current intensity for evoking 
cerebral somatosensory potentials was applied to dorsal and 
ventral spinal quadrants. In seven of twenty rabbits, cerebral 
stimulation was performed either following spinal condition- 
ing stimulation or superimposing stimulation of spinal quad- 
rants when the eye nystagmus was started. In two out of 
twenty rabbits visual Non-Primary Potentials (NPPs) [6,7] 
were recorded from the nystagmogenic area by means of 
glass microelectrodes (1.5—2 m{Q) filled with 2 M NaCl. The 
visual NPPs were recorded prior to spinal transection and 
following cervical spinalization, after the spinal shock disap- 
peared, as well as following dorsal and ventral quadrants 
stimulation. Photic stimulation of the contralateral retina 
was carried out by means of a conventional strobe unit, 
driven by an external master timer; single flashes were used. 
All recording sessions were made in the dark. Averages of 20 
evoked potentials were performed by a microprocessor. In 
eleven of twenty animals, responses of single units localized 
within CNA to photic stimulation of contralateral retina were 
studied before and after cervical transection and following 
electrical stimulation of dorsal and ventral spinal quadrants. 
Analysis of units responses was performed by converting 
single spikes to standard pulses which were fed to a micro- 
processor for construction of post-stimulus time histograms 
(PSTHs) following 100 flashes applied to the contralateral 
retina. 

At the end of the experiment the animals were killed with 
a large dose of barbiturate, the proximal stump of the spinal 
cord removed and fixed in Carnoy fluid. Histological prep- 
aration by Nissl method enabled the position of the stimulat- 
ing electrodes in the spinal quadrants to be controlled. 


RESULTS 
Section of the Spinal Cord at Cervical Level 


Twenty rabbits underwent spinal cord transection be- 
tween C2-C3. The removal of the spinal afferents was fol- 
lowed by a lowering of the cerebral threshold for eliciting 
nystagmus and by an increase of the eye jerks during electri- 
cal stimulation of the CNA at intensities similar to those used 
before the spinalization (Fig. 1A, B; Fig. 3A). The electrical 
stimulation of the proximal stump of spinal cord elicited dif- 
ferent effects. In these animals the electrical stimulation of 
the proximal stump of the spinal cord at level of the dorsal 
quadrants induced a depression of the cerebral nystag- 
mogenic area. This effect was observed either when the cor- 
tical stimulation was preceded by a spinal conditioning (Fig. 
2C) or when spinal stimulation was delivered with cerebral 
nystagmus already in progress (Fig. 2E). This inhibiting ef- 
fect was also demonstrated when the spinal quadrants stimu- 
lation was kept constant and CNA stimulation was superim- 
posed with progressive increase of intensity (Fig. 3B: cros- 
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FIG. 1. A: Drawing showing the localization of the CNA in the 
rabbit and EOGs of nystagmus obtained by threshold stimulation (5 
V) of the left nystagmogenic area; (7) onset and (|) end of the stimu- 
lation. B: Schematic drawing representing the level of the cervical 
spinal section and EOGs recorded from the same animal with lower 
intensity (2 V) of the left CNA stimulation. 
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FIG. 2. EOGs recorded during electrical stimulation of CNA in one 
rabbit. In all traces, upward and downward arrows mark the onset 
and the end of the cerebral stimulation. A: in normal condition. B 
and C: after spinal transection and following conditioning stimula- 
tion of ventral and dorsal quadrants, respectively. D and E: ventral 
and dorsal quadrants stimulations (continuous line) superimposed 
respectively to stimulation of left CNA. 


ses). On the contrary, stimulation of the spinal cord at level 
of the ventral quadrants elicited a hyperexcitability of the 
CNA. When the conditioning spinal stimulation preceded the 
cerebral stimulation, the facilitation was indicated by a slight 
increase in frequency and shortening of latency (Fig. 2B). 
The effect was more evident if ventral quadrants stimulation 
followed the cerebral one (Fig. 2D). Likewise, facilitation of 
the nystagmogenic area was also observed when ventral 
quadrants stimulation was kept constant while cerebral 
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FIG. 3. Relationships between the intensity of the cerebral stimulation (Volts) and the frequency of the nystagmus (jerks/min). A: in an animal 


10 Volts 
with intact spinal cord (filled circles) and following spinal cord transection at cervical level (open circles). B: in a second animal with intact 
spinal cord (filled circles), during simultaneous stimulation of ventral (open circles) and dorsal (crosses) quadrants 
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FIG. 4. Influence of transection or electrical stimulation of spinal cord on NPPs recorded from left CNA. A: intact animal. B: after spinal cord 
transection. C: following electrical stimulation of the dorsal quadrants. D: following ventral quadrants stimulation. The arrows mark photic 
stimulation. Vertical calibration: 50 4 V/division. Horizontal calibration: 2.5 msec:division 
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FIG. 5. PSTHs constructed from 100 consecutive responses of a CNA cell following photic stimulation of the contralateral retina. A: intact 
animal. B: following cervical spinal transection. C: following dorsal quadrants stimulation. D: following ventral quadrants stimulation. The 
arrows mark the photic stimulation. The numbers indicate the occurrence of spike in the response peak. Vertical calibration: 5 counts 


added/stimulus division. Horizontal calibration: 5 msec/division. 


stimulation was performed at increasing voltages (Fig. 3B: 
open circle). 

The evoked potentials and unitary discharges, recorded 
from CNA during photic stimulation, confirmed that the ex- 
citability of this area was modified by transection of spinal 
cord as well as by stimulation of dorsal and ventral spinal 
quadrants. Figure 4A shows the evoked potentials recorded 
from CNA in normal conditions at 10 4% depth. The latency of 
the excitatory II wave [6,7] is 17 msec peaking at 22.5 msec, 
had an amplitude of 250 x V and is followed by inhibition (III 
wave) starting at 28 msec. Figure 5A reports the PSTH of a 
cell localized in the CNA following 100 photic stimuli applied 
to the contralateral retina. The cell responds with excitation 
at 21 msec latency, peaks at 22 msec and is followed by 
inhibition at 30 msec. The transection of the spinal cord at 
cervical level is followed by an increase of the II wave in the 
NPPs (Fig. 4B) and of the spontaneous discharge as well as 
of the response to photic stimulation (Fig. 5B). Stimulation 
of the dorsal quadrants provokes an opposite pattern (Figs. 
4C, 5C) which is again reversed by stimulation of the ventral 
quadrants. 


Section of the Spinal Cord at Dorsal Level 


All three rabbits which underwent thoracic spinal section 
did not show any modification of the excitability of the CNA: 
neither changes in threshold, frequency nor in the outward 
appearance of the cerebral eye nystagmus were observed. 


DISCUSSION 


The present investigation shows that the excitability of 
the CNA in the rabbit is modified following spinal transec- 
tion at cervical level, while thoracic transection is ineffec- 
tive. The influence of the cervical segment upon the cerebral 


nystagmogenic area appears to be mainly inhibitory, since 
cervical transection is able to lower its threshold as well as 
increasing the frequency of eye jerks. Moreover, the fact 
that NPPs in this area are increased by the spinal transec- 
tion, gives further support to this assertion. Our results ob- 
tained by stimulating the proximal stump of the spinal cord 
indicate that its action is more complex since stimulation of 
the dorsal quadrants inhibits the cerebral eye nystagmus and 
depresses the excitability of the CNA. On the contrary, 
stimulation of the ventral quadrants increases the frequency 
of the cerebral eye nystagmus and raises the excitability of 
the CNA. The double influence of the spinal cord on the 
CNA could depend upon the two afferent systems carrying 
different modalities. Dorsal quadrants convey propriocept- 
ive impulses. Since only the cervical segment influences the 
CNA, it can be supposed that proprioceptive impulses from 
the neck and the anterior limbs project upon the cerebral 
nystagmogenic area. The CNA is involved in oculomotility 
and could be regarded as an integration center for impulses 
arising from muscle and joint receptors of neck and forelimbs 
as well as from retina and extra-ocular muscles. Hence, the 
function of the CNA might consist in integrating these 
signals in order to control the reflex eye movements. This 
hypothesis is supported by the fact that in cats, the discharge 
of some cells of the perivisual areas, responding to the light, 
can be modulated by the eye movements. The response of 
the cells to moving stimuli in the horizontal direction re- 
sulted in excitation or inhibition of the spontaneous dis- 
charge [12]. On the other hand, the exciting influence 
exerted by the stimulation of the ventral quadrants could be 
due to a different central projection. Ventral quadrants carry 
exteroceptive impulses which also influence the reticular ac- 
tivating system. This structure could exert upon the CNA a 
facilitating effect responsible for its excitability. Neverthe- 
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motoneurons [20], it is possible that the effect of the spinal 
cord on CNA excitability is depending on that exerted on the 
common final pathway through the vestibular nuclei. 


less, it must be taken into account that spinal influence is 
directed also towards subcortical structures such as vestibu- 
lar nuclei [5, 11, 19, 21, 22, 23, 25]. Since vestibular nuclei, 
mainly the superior and medial regulate the activity of ocular 
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HARLOW, H. J., J. A. PHILLIPS AND C. L. RALPH. Circadian rhythms and the effects of exogenous melatonin in the 
nine-banded armadillo, Dasypus novemcinctus: A mammal lacking a distinct pineal gland. PHYSIOL. BEHAV. 29(2) 
307-313, 1982.—Circadian rhythms of body temperature, activity and oxygen consumption were recorded in the nine- 
banded armadillo, Dasypus novemcinctus, a mammal lacking a distinct pineal gland. The rhythms were entrained by 
light-dark cycles and appeared to be phase-coupled. Under constant illumination, the animals displayed free-running 
circadian rhythms with period lengths of slightly less than 24 hr. Melatonin implants caused a lengthening of the free- 
running period of activity and body temperature. The occurrence of a ‘‘normal’’ circadian rhythmicity in the armadillo 
indicates that the pineal organ is not necessary for the circadian organization of this animal whereas melatonin of non-pineal 


origin may have a role. 


Melatonin Armadillo (Dasypus novemcinctus) 


Circadian rhythm 





THE pineal gland has been implicated in moderating activity 
and body temperature rhythms in some vertebrates [6, 12, 
19, 32]. It appears to influence the rate of reentrainment to 
altered photoperiod in mammals [23] and is involved, in 
some way, with their regulation of body temperature fluctu- 
ations [28] and torpor [19]. However, a definite role for the 
pineal gland in the maintenance of activity and body tem- 
perature rhythms of mammals has not been established. 
Rusak and Zucker [26] claim that, in no instance, has pineal 
removal interfered with normal circadian organization of a 
mammal. This is apparently also true for several species of 
birds [29] and lizards [31]. 

Melatonin, the indoleamine produced by several tissues, 
including the pineal gland, has a distinct light-dark rhythm in 
the blood of mammals [21]. When exogenously adminis- 
tered, melatonin can have a profound effect on the circadian 
rhythm of activity of some birds [30] and lizards [32]; how- 
ever, melatonin effects on mammalian rhythms are un- 
known. 

Recently, light and electron microscopic investigations 
have confirmed the observation that the nine-banded 
armadillo (Dasypus novemcinctus) lacks a distinct pineal 
gland [15]. Even so, this species still maintains the light-dark 
rhythm of melatonin at levels similar to mammals with pineal 
glands [13]. The present study was, therefore, designed to 
help clarify the role of melatonin in moderating daily 
rhythms in mammals by examining the thermal, metabolic, 





and locomotor activity rhythms of the armadillo under con- 
ditions of manipulated light cycles and exogenously adminis- 
tered melatonin. 


METHOD 


Animals 


Adult nine-banded armadillos (n=23; 2300-4500 g), were 
collected in Tom Green County, TX (100° 20’ W, 31° 30’ N) 
in October, 1979, and transported to Colorado within 48 hr of 
capture. During non-experimental periods the animals were 
housed in a communal holding pen (26 m’). A litter box and 
nesting area of wood chips and San-i-Cel were provided. 
Food (Kal-Kan Chunky Meat Stew) and water were pro- 
vided ad lib. The photoperiod was natural (41° N), with il- 
lumination from east-facing windows. The room temperature 
was 25+2°C. Experiments were conducted between 
November and March. 


Measurement of Rhythms 


Locomotor activity. Animals were individually housed in 
activity enclosures (1x31 m) with a nesting box and bed- 
ding material at one end. A platform threadle was located in 
the floor of the enclosure at the opening to the nesting box. 
Movement across the treadle depressed a microswitch which 
activated an event recorder (Esterline-Angus, A620X; chart 
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speed 3’/hr). These enclosures were maintained in an iso- 
lated room at 25+2°C. Light sensitivity during the photoph- 
ase of the experimental photoperiods was 25 Ix. The estimate 
of the free-running period of activity (7) in constant condi- 
tions was based on the slope of onset of activity, a more 
precise marker of circadian rhythms than the offset of activ- 
ity [31]. 

Body temperature. Armadillos were anesthetized with 
Metafane (Connel 201), and calibrated temperature transmit- 
ters (Minimitter, Model L) were surgically implanted in the 
peritoneal cavity. Signals were automatically received and 
recorded on magnetic tape for 2 min intervals every hour. 
The transmitting system was accurate to +0.1°C between 30 
and 40°C. From pilot studies it was known that the transmit- 
ters would provide accurate readings for about 40 days. 

Oxygen consumption. Oxygen consumption (VO.) of 
animals under specific light-dark cycles was determined by 
placing the animals in a 20 1 chamber with a clear plastic, 
air-tight lid. The chamber was placed in a 4 m* environmental 
chamber programmed to duplicate the temperature and 
photoperiod of the activity enclosures. Fresh air (1 li- 
ter/min), scrubbed of CO, and water, was pumped into the 
chamber and the scrubbed, effluent air was measured for 
oxygen content with a paramagnetic oxygen analyzer 
(Beckman, Model G-2). VO, was calculated (equation #10, 
Depocas and Hart [10]) from continuous recording of 
effluent air on a stripchart recorder (Honeywell, Electronik 
15). 


Experimental Procedures 


Free-running rhythms. Five armadillos, implanted with 
temperature transmitters, were individually housed in an ac- 
tivity enclosure in order to determine: (1) the minimal 
amount of time necessary to identify stable, free-running 
rhythms, and (2) the possible influence of surgery, food and 
external disturbances on these rhythms. Armadillos were 
run in the activity enclosures for 10 consecutive days under a 
light-dark (LD) schedule of 10:14 (L=0800-1800 MST, 25 Ix) 
and then an additional 15-25 days under continuous light 
(LL). Food was provided at random times during the day and 
night by an automatic feeder. Animals were then transferred 
into the sealed environmental chamber (photoperiod and 
ambient temperature identical to the activity enclosure) for 
an additional six consecutive days under LL to determine 
the oxygen consumption rhythm (VO.). VO, and T,, were 
continuously monitored during this time to insure that the 
rhythms were not being influenced by subtle disturbances 
within the building. As before, the animals were fed at ran- 
dom times. 

Circadian activity, metabolic and body temperature 
rhythms. Eight animals, with implanted temperature trans- 
mitters, were individually housed in the activity enclosures 
and their body temperature and activity rhythms monitored. 
Initially each animal was exposed to LD cycles as above for 
9-10 days. At the end of this period each animal was placed 
in the respirometer for 24 hr under the same temperature and 
lighting conditions as in the activity enclosure. Each animal 
was then returned to the activity enclosure and maintained 
under LL for 7-12 days. Oxygen consumption was again 
determined on the last day of this period. LL was followed 
by a minimum 10 day regime of reversed light-dark (RLD) 
cycles, wherein L was advanced 10 hr from the original re- 
gime (L=1800—0400 MST). This period was followed as pre- 
viously by a determination of the oxygen consumption 
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rhythm. All eight animals were exposed to these three re- 
gimes before the transmitters failed. The animals were then 
returned to the activity enclosures and the body temperature 
and activity were monitored under a second period of LL. 
Only two of the eight armadillos provided sufficient data in 
this regime before batteries in their temperature transmitters 
failed. 

Melatonin implants. Five armadillos, surgically im- 
planted with temperature transmitters, had their activity and 
body temperature rhythms monitored under LL for 10-15 
days. At the end of this period, each animal received a sub- 
cutaneous implant of melatonin (200 ng/g body mass) in a 1:3 
ratio of crystalline melatonin (Sigma) to beeswax. Activity 
and body temperature rhythms of each animal were moni- 
tored for at least an additional 10-16 days under LL. The 
amount of beeswax capsule dissolved during the experi- 
mental period was from 6-8% by mass. Although an exact 
dose rate cannot be given, the amount of melatonin lost, 
therefore, was between about 50-80 wg over the experi- 
mental period. At the end of this period, the implant was 
removed and body temperature and activity patterns were 
again monitored until the transmitters failed. 


RESULTS 


The administration of anesthetics and surgical implanta- 
tion of the beeswax-coated temperature transmitters did not 
disrupt or alter the armadillos’ free-running rhythms in any 
of the experiments. Under LD 10:14, armadillos exhibited a 
distinct rhythm of nocturnal activity which commenced at 
approximately the light to dark transition and generally ter- 
minated before the dark to light transition (Fig. 1A). 
Armadillos also exhibited an increase in body temperature 
and oxygen consumption which corresponded to the onset of 
daily activity (Fig. 1B and C). Maximum body temperature 
and oxygen consumption values were not reached until 
about 5 hr after initiation of activity. The body temperature 
rhythm appeared to be as accurate as the activity rhythm in 
defining the overall circadian cycle. Under LL, armadillos 
displayed free-running circadian rhythms of activity, body 
temperature and oxygen consumption (Fig. 1A), all with a 
period length (7) of slightly less than 24 hr (23.8+0.1 hr). 
Because the period length of these three rhythms remained 
relatively unchanged over 25 days in continuous light, it was 
felt that a shorter period of time was sufficient to identify a 
free-running rhythm. Therefore, in subsequent experiments 
(Fig. 2) periods of 9-10 days under LL were employed to 
allow completion of the studies before the temperature 
transmitters failed. 

All rhythms were unaffected by feeding schedules or 
other external disturbances. Times of food availability had 
no effect on either onset or duration of activity under LL 
(Fig. 1A) and did not influence the animals’ body tempera- 
ture rhythm (Fig. 1B). In addition, thermal and VO, rhythms 
were maintained when the animals were placed in the en- 
vironmental chamber under LL and deprived of all visual 
and auditory cues (Fig. 1B and C). 

Armadillos in a phase-shifted light-dark cycle (RLD), 
after previous exposure to LD and LL, shifted their rhythms 
to correspond to the dark period (Fig. 2; Table 1). The three 
rhythms appeared to be coupled in their re-entrainment to 
the new photoperiod. The average shift (from ‘‘a’’ to **b”’ in 
Fig. 2) for the onset of activity was 0.7 hr/day as compared to 
0.8 hr/day for body temperature and 0.7 hr/day for VO,. 
When exposed to LL after RLD, the activity and thermal 
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FIG. 1. Daily activity (A), body temperature (B), and oxygen consumption (C) of a representative 
armadillo under LD and LL. For the first 9 days it was in an activity recording enclosure under LD 
followed by 15 days of LL and thereafter (Day 26-31) in a respirometer devoid of external auditory and 
visual cues. The times of feeding for the first 25 days are shown at the right of the activity bars. A 
similar random feeding schedule was maintained while the animals were in the respirometer. Body 
temperature lines are fitted by eye and represent the first day (Day 1) in the activity enclosure under 
LD, the first day under LL (Day 11) and last day (Day 31) in the respirometer. 
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FIG. 2. Activity (A), body temperature (B), and oxygen consump- 
tion (C) rhythms of a representative armadillo monitored under 
light-dark (LD), 10:14, followed by continuous light (LL), then re- 
versed light-dark (RLD) (L 10 hr advanced) and a second period of 
LL. Body temperature lines are fitted by eye and are drawn through 
an average of daily temperatures during LD and LL. Only the first 
and last days of RLD and the following LL are represented. The 
phase shift in body temperature from days ‘‘a’’ to ‘‘b’’ of RLD and 
days ‘‘c’’ to ‘‘d’’ in the second LL are represented by horizontal 
arrows. 
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rhythms had a period length greater than 24 hr, showing a 
shift of 0.5 hr/day (point ‘*‘c’’ to “‘d’’ in Fig. 2). 

When melatonin-beeswax capsules were implanted into 
armadillos under LL, the period of the free-running activity 
rhythm increased from approximately 23.9 hr to 24.6 hr as 
shown by the change in the slope of the onset of activity. 
When the melatonin capsules were removed, the free- 
running activity rhythms of about 24 hr were once again 
resumed (Fig. 3; Table 2). Similarly, the free-running body 
temperature rhythm, with an initial period of about 23.8 hr, 
was lengthened by the melatonin implant to about 24.5 hr. 
Once again, when the melatonin capsules were removed, the 
free-running rhythm of about 24 hr was resumed (Fig. 3). 


DISCUSSION 


The pineal gland of mammals may possibly act as a syn- 
chronizer of biological rhythms by indirectly receiving 
signals generated by light and dark, and transmitting this 
information to appropriate centers in the brain [1, 28, 34]. 
Several studies, however, have discredited the pineal gland 
as being a major mechanism in the control of body tempera- 
ture and activity rhythms of mammals. For example, 
pinealectomized laboratory rats retain a circadian rhythmi- 
city in running activity [22] and body temperature [28] under 
LL, suggesting that the pineal gland is not the “‘biological 
clock”’ in this species. In some species of birds, pinealec- 
tomy causes a marked disruption in circadian rhythmicity 
while in others, there are minimal, if any, effects [29]. This 
suggests that there are species-specific differences in the ex- 
tent of the pineal’s function as a circadian oscillator. 

Rhythms of individual armadillos, displayed the following 
characteristic circadian features: (1) stable free-running cir- 
cadian rhythms of activity, body temperature and metabo- 
lism under LL and (2) rhythms which could be entrained and 
phase-shifted by LD cycles. The armadillo had free-running 
rhythms under LL (after a ‘“‘natural’’ LD cycle) with a period 
very close to 24 hr. These rhythms showed no spontaneous 
changes in 7 for a minimum of 15 days. This proximity to 24 
hr is not unique among mammals. Many nocturnal mammals 
such as Mesocricetus auratus [4], Peromyscus leucopus [9] 
and Gleucomys volans [3] also have periods very close to 24 
hrs in constant light of different intensities. A second charac- 
teristic of circadian rhythms, according to Aschoff [2], is the 
ability of exogenous environmental factors, such as light, to 
control the phase and frequency of the rhythm. The 
armadillo responded to phase-shifted light-dark cycles by 
entraining its activity, body temperature, and metabolic 
rhythms. However, by the end of 10 days, armadillos had not 
fully established entrainment. Armadillos, therefore, showed 
a slower rate of entrainment than the 6-9 days required for 
complete entrainment of wheel-running activity [35] and 
seven days for body temperature entrainment to photoperiod 
reversal by rats [28]. However, due to species-specific 
differences in the time required for complete entrainment, 
such comparisons are highly tenuous. 

The armadillo exhibits endogenous rhythms of activity, 
metabolism and body temperature which are typical to 
animals possessing a pineal gland. The mere absence of this 
gland in the armadillo, however, does not eliminate the 
possible involvement of melatonin in moderating these 
rhythmic events. For example, we have identified plasma 
melatonin in the armadillo by both radioimmunoassay and 
bioassay [13]. In addition, the concentrations of this hor- 
mone are coupled to the light-dark cycle with night-time 
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FIG. 3. Activity and body temperature of a representative armadillo under 
LL prior to, during, and after administration of melatonin via subcutaneous 
implants (200 ng/g body mass). Movement across a platform treadle is 
represented by solid horizontal bars. Implant insertion and removal are 
represented by vertical arrows. Body temperature lines are fitted by eye 
and represent the first and last days of preimplant, implant, and 
postimplant periods. Horizontal arrows depict a melatonin-induced phase 
shift in body temperature. 
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TABLE 1 


ACTIVITY (AR), BODY TEMPERATURE (TR), AND OXYGEN CONSUMPTION (OR) RHYTHMS OF EIGHT ARMADILLOS EXPOSED TO 
FOUR CONSECUTIVE PHOTOPERIODS AT 25 + 2°C 
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The light phase of the RLD 14:10 photoperiod was 10 hr advanced from the initial LD 14:10 photoperiod. 
Mean hours of the AR and TR rhythm are given over the number of days (d) the rhythms were measured. 


OR rhythms were measured on the last day of each regime. 


TABLE 2 


ACTIVITY (AR) AND BODY TEMPERATURE (TR) RHYTHMS OF FIVE ARMADILLOS 
BEFORE, DURING, AND AFTER ADMINISTRATION OF 
MELATONIN VIA SUBCUTANEOUS IMPLANTS 
(200 ng/g BODY MASS) 
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Number AR TR AR 
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Mean hours of each rhythm are given over the number of days (d) that rhythm was 


measured. 


*p<0.06; Anova with repeated measures. 


levels being three to four times greater than daytime levels. 
Melatonin and the enzymes required for its synthesis have 
been identified in locations other than the pineal gland, such 
as the retina, Harderian gland and gut mucosa [5, 7, 8, 11, 17, 
33]. Because chronic administration of melatonin induces 
some of the physiological changes which are stimulated by a 
short-day photoperiod in mammals [14, 16, 27], melatonin 
from a non-pineal site may be instrumental in modulating 
circadian rhythms in the armadillos. Data from the present 
study tends to support this hypothesis; administration of 
melatonin changed the free-running circadian activity and 
thermal rhythms of the armadillo. The effect of exogenous 
melatonin on these rhythms was reversible, for when the 
implants were removed, the free-running period immediately 
shortened to the pre-implant period. Melatonin implants in 
reptiles [32] and birds [30] have also had marked effects on 
the period of their activity rhythms. Like reptiles, but unlike 
birds, melatonin caused a lengthening of the period of the 


free-running rhythm under LL. This study represents one of 
the few immediate modifications of t in mammals by im- 
plants and suggests that melatonin is, indeed, involved in the 
physiological control of circadian rhythms in this animal. 
Testosterone and estradiol implants cause such shifts in 
period length of mammals [9,20]. In addition, melatonin has 
a controlling effect on testosterone levels in rats [18]. There- 
fore, the action of melatonin on rhythmic functions may be 
via its influence on testosterone or estrogen titers. 

Data from this study imply that a distinct pineal gland is 
not required for moderating circadian rhythms in the 
armadillo. In addition, this study offers the first evidence 
that melatonin can have consistent effects on thermal and 
activity rhythms in a mammal. Because synthesis of 
melatonin occurs in the mammalian retina, Harderian gland 
and gut mucosal tissue, melatonin from a non-pineal source 
may be instrumental in directing circadian rhythms in the 
armadillo. 
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WYSOCKI, C. J.,J. NYBY,G. WHITNEY, G. K. BEAUCHAMP AND Y. KATZ. The vomeronasal organ: Primary role 
in mouse chemosensory gender recognition. PHYSIOL. BEHAV. 29(2) 315-327, 1982.—Four experiments were con- 
ducted to determine the chemosensory modality that supports ultrasonic courtship vocalizations by male mice to females 
and to chemosignals from females. Both removal of the olfactory bulbs (Experiment 1) and removal of the vomeronasal 
organ (Experiments 2-4) produced similar deficits in the pattern of ultrasonic vocalizations elicited by conspecifics or their 
odors. Removal of the vomeronasal organ did not impair the ability to locate food buried under cage shavings. These results 
are consistent with the notion that the analysis of food related odors is subserved by olfaction and that vocalizations to sex 
chemosignals are elicited primarily by stimulation of the vomeronasal organ/accessory olfactory bulb. Removal of the 
vomeronasal organ did not induce seminal vesicle regression or lower plasma immunoreactive testosterone levels (Experi- 
ment 2) nor was an attempt to restore vocalizations with exogenous testosterone successful (Experiment 4). Thus the 
altered vocalization pattern following removal of the vomeronasal organ does not appear to arise as a motivational deficit 
mediated by androgens. Experiments 2 and 3 demonstrated that, in the absence of the vomeronasal organ, stimulation of 
other sensory systems can, to some extent, maintain the male’s tendency to vocalize more to females or their odors than to 
males or their odors. However, this responsiveness to females may rely upon additional behavioral cues. Previous experi- 
ence also plays a considerable role in the response to chemosensory gender cues by males who lack their vomeronasal 
organs. Removal of the vomeronasal organ prior to adult heterosexual encounters (Experiment 3) virtually eliminated the 
male’s responsiveness to either anesthetized females or their chemosignals. Hence males require adult heterosexual 
experience with a functioning vomeronasal organ before other chemosensory systems acquire the ability to mediate gender 
recognition as measured by ultrasonic vocalizations. 


Mice (Mus musculus) 
Testosterone Ultrasounds 


Jacobson’s organ Learning 
Pheromones Sexual behavior 


Chemical communication Experience 
Olfaction Olfactory bulbectomy 
Vocalizations Vomeronasal organ 





tory bulb is indeed important in a variety of chemosensory 
primer effects including male-odor-elicited ovulation during 
light-induced persistent estrus in rats [11], suppression of 
estrus in group-housed female mice [29], pregnancy block in 
female mice [5], puberty acceleration in female mice [12] and 
the testosterone surge in male mice exposed to females 
(Wysocki and Katz, submitted ). Impairment of the vom- 


BASED upon neuroanatomical evidence, both Keverne [14] 
and Wysocki [34] hypothesized that sex odors, especially 
those that elicit primer responses [6], may be detected by the 
vomeronasal organ rather than the olfactory epithelium. The 
vomeronasal organ, via the accessory olfactory bulb, con- 
veys information to parts of the hypothalamus thought to be 
important in the regulation of reproduction and reproductive 


physiology. Both anatomical and ethological analyses have 
for some time been consistent with the hypothesis that the 
vomeronasal organ detects sex-related odors (e.g., [2, 9, 14, 
15, 19, 30, 33-35]). In fact, recent works have convincingly 
demonstrated that the vomeronasal organ/accessory olfac- 





eronasal organ also disrupts sex behavior in hamsters [18,28] 
and maternal behavior in rats and hamsters [10,17]. 

In this study, we chose to determine the chemosensory 
modality which mediates ultrasonic vocalizations from male 
mice in the presence of female generated cues. Male mice emit 
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these vocalizations in the presence of females and/or 
female-produced chemical cues [24,32]. Males, male- 
produced chemical cues and control odors typically do not 
elicit vocalizations. Most of these generalizations hold only 
for males that have had adult experience with other males 
and females [23]. Experienced males begin emitting these 
vocalizations within a few seconds after the presentation of a 
female-produced chemical cue, suggesting that the cue con- 
tains signaller, rather than (or in addition to), primer proper- 
ties. 

A number of preliminary observations had suggested to 
us that male mice may utilize their vomeronasal organs to 
detect females and subsequently emit vocalizations. For 
example, while olfaction appears to be designed for detecting 
low molecular weight, airborne molecules, the vomeronasal 
organ appears to require that the molecules become dis- 
solved in the body fluids of the nose and mouth. Thus the 
vomeronasal organ may be better at detecting less volatile 
higher molecular weight substances such as those secreted in 
urine [35]. Our observations have suggested that the sub- 
stance in a female’s urine which elicits vocalizations by 
males is in fact of low volatility [25,26]. Also consistent with 
the notion of low volatility for this chemosignal, many males 
typically make nose-to-stimulus contact before they begin 
emitting vocalizations to a female’s urine. Low volatility of 
this chemosignal would seem to suggest involvement of the 
vomeronasal organ rather than the olfactory system. 

In the experiments reported herein, we attempted to de- 
termine whether the immediate male vocalizations to female 
chemosignals are elicited by olfactory or vomeronasal organ 
stimulation. We conclude that the vomeronasal organ plays a 
crucial role in the detection of female-produced chemosig- 
nals (cf. [3]). 


GENERAL METHOD 


Because many design features are common to the experi- 
ments, these features are described prior to presenting spe- 
cific experiments. Deviations from or additions to these gen- 
eral procedures are described in specific experiments. 


Animals 


Four different categories of mice were used. ‘*‘Subjects”’ 
consisted of adult males whose ultrasonic vocalizations were 
measured in response to stimuli. ‘‘Social-experience 
animals’’ consisted of adult males and females that were 
systematically placed in the subjects’ home cages prior to 
using the subjects in an experiment. ‘‘Stimulus animals” 
were adult males and females that were placed, either awake 
or anesthetized, in the test cage with the subject for a 3 min 
vocalization test. ‘‘Urine donors’’ provided the urine and 
other cues used as chemosensory stimuli during subject 
vocalization tests. The estrous cycles of the female social- 
experience animals, stimulus animals, and urine donor 
animals were not monitored. Previous research indicated 
that females’ urine from all stages of estrus elicited high 
levels of vocalization from males [25]. Additionally, the cues 
appear to be independent of the ovaries [25]. 

All subjects were treated in similar fashion prior to their 
use in experiments. In all cases, male subjects were housed 
in like-sex groups at weaning (21 days of age) and individu- 
ally housed after reaching sexual maturity (60 days). After at 
least 10 days of isolation, the adult subjects were systemati- 
cally exposed over an 8-day period in their home cages to 
social-experience males and females. Social experience for 
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the subject, unless otherwise stated, consisted of alterna- 
tively placing an adult male and an adult female social- 
experience animal in the subject’s home cage for 3 min each 
per day over 8 consecutive days. The order of presentation 
of the sexes was counterbalanced across subjects within 
days and reversed each day. To ensure that our subjects did 
not become socially subordinate to the social-experience 
males, those social-experience males showing aggression 
were presented to the subject by dangling [31] during the first 
3-5 exposures. Social-experience females, however, were 
never dangled. The social-experience animals and urine 
donors were individually housed with food and water avail- 
able ad lib. 


Urine Collection 


Pooled urine was collected from 3-5 animals, group- 
housed in metabolic cages for approximately 8 hr. Urine was 
removed from the metabolic cage collection vial by syringe 
immediately preceding the day’s testing. A stimulus was pre- 
pared within | min of its presentation by placing 0.1 ml of the 
appropriate urine from a urine-containing syringe onto a cot- 
ton swab. The part of the swab touched by the experimenter 
was broken off and the remaining portion with urine was 
temporarily stored in a clean test tube. 


Apparatus 


Ultrasounds were monitored with either a Holgate UI- 
trasonic Mark V receiver, or a QMC/S100 bat detector (see 
[32] for details). The test chamber consisted of the subject's 
home cage, a plastic cage measuring 29x 18x13 cm with 
wood shavings for bedding. Urinary stimuli were presented 
on the cotton-tipped surgical swabs as mentioned above. 


Ultrasound Measurement 


Testing always took place during the light portion of a 
12:12 hr light/dark cycle. In all cases, the subject's home 
cage was taken from the colony room to a separate testing 
room and was placed under the microphone for | min to 
ensure that the subject was not emitting ultrasounds to inci- 
dental aspects of the test situation. If an ultrasonic vocaliza- 
tion occurred during this 1 min habituation period, testing 
did not begin until 2 min without an ultrasound had elapsed. 
Vocalizations were rarely detected during habituation. 

A 3-min test began by placing a stimulus into the subject’s 
home cage. The amount of ultrasound produced was quan- 
tified by dividing the 3-min trial into 36 5-sec intervals. The 
number of intervals containing ultrasound was recorded and 
yielded possible scores ranging from 0 to 36. 


EXPERIMENT | 


Our first procedure for chemosensory deafferentation 
utilized olfactory bulb removal. This surgical procedure is 
neither selective for olfaction per se nor does it produce only 
sensory deficits [1]. However, if the behavior of interest is 
maintained after bilateral olfactory bulb removal, then intact 
nasal chemoreceptors are not a prerequisite for that behav- 
ior. 


METHOD 


Animals 


Subjects were 30 AKD2F1/J males, purchased from The 
Jackson Laboratory (JAX), 71+3 days of age on the first 
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FIG. 1. Mean number of 5-sec blocks containing ultrasonic vocalizations (+SEM) by 
males with both olfactory bulbs removed (Bilateral), a single bulb removed (Unilat- 
eral) or intact olfactory bulbs (Sham) in response to either male or female conspecifics 
(Panel A) or to female cage shavings (Panel B). Surgery was performed prior to any 


adult heterosexual experience. 


trial. Social-experience and stimulus animals consisted of 10 
male and 10 female AKD2F1/J (JAX) mice 86+3 days of age 
on the subjects’ first trial. Bedding was collected from the 
cage of 3 group-housed C57BL/6J x AKR/J F, females. 


Procedure 

The subjects arrived in the laboratory at 36+3 days of age 
and received one of 3 surgeries at 41 or 42 days of age. The 
surgeries were bilateral olfactory bulb removal (n=10), un- 
ilateral bulb removal (right, n=5; left, n=5) and a sham op- 
eration (n=10). Under sodium pentobarbital anesthesia, 
holes were drilled through the bones above the olfactory 
bulbs and under visual guidance the bulbs were removed by 
aspiration. The resulting cavity was packed with gel-foam 
and the incision closed with cyanoacrylate glue. For the un- 
ilateral procedure, bone was removed only over the bulb 
being removed. The sham operation was identical to the 
bilateral operation with the exception that aspiration did not 
occur. 

At 53 days of age, all subjects began 8 days of social 
experience. Following social experience, the subjects were 
tested for ultrasonic vocalizations during 3 sequential exper- 
imental phases: 

Phase I: Urine test. All subjects were tested in a counter- 
balanced order for their vocalizations in response to urine 
from individual males and females. 

Phase Il: Awake animal test. The urine donors of the 
previous phase served as stimuli for ultrasound elicitation. 


Stimulus males and females were placed in the home cage of 
the subject in counterbalanced order. 

Phase III: Female-soiled bedding test. The males of the 3 
treatment groups were tested for their vocalizations in the 
presence of bedding taken from the cage of females who had 
lived together for one week prior to the collection of bed- 
ding. The stimulus was presented by scooping approximately 
3—4 g of the shavings from the donors’ home cage. 


RESULTS AND DISCUSSION 

Phase I: Urine Test 

The greatest amount of vocalization to female urine was 
by the Sham mice (Mean+SEM=7.4+3.7), followed by un- 
ilaterally operated mice (Mean+SEM=0.6+0.3) and then 
bilaterally operated mice (Mean+SEM=0+0). However, the 
overall low levels of vocalizations by the Shams coupled 
with large variability within the group precluded conclusive 
statements about group differences. 


Phase II: Awake Animal Test 


The 3 surgical treatment groups differed significantly in 
the amount of vocalization emitted, Fig. 1, F(2,25)=5.62, 
p<0.01. Females were better stimuli than were males for 
eliciting ultrasounds, F(1,25)=10.35, p<0.01. Additionally a 
significant stimulus x surgery interaction, F(2,25)=3.40, 
p<0.05, was detected. Unlike the other 2 groups, bilaterally 
operated mice emitted approximately equal amounts of ul- 
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TABLE 1 
SPECIFIC INFORMATION REGARDING ANIMALS USED IN EXPERIMENT 2 





Social-experience 


Subjects Age* animals 


Recovery from 
surgery 


Urinet 
donors 


Stimulust 
animals 





CS7BL/6§ 
(202) 


CS7BL/6J 
(82, 10d) 


DBA/2J 87 
(20)z 

DBA/2J 125 
(30) 


CS7BL/6§ 
(32, 3d) 


CS7BL/6J 
3d) 


CS7BL/6§ 
(92, 9d) 


CS7BL/6J 
(82, 10d) Gs, 


20-21 days 


5—6 days 





*Age in days on the day of surgery. 


*In the M-test group, different animals provided social experience, served as stimulus animals and 
donated urine, where as in the L-test group, the same animals which provided social experience also 


served as stimulus animals and donated urine. 
tSample size in parentheses. 


§All CS7BL/6 mice in the M-test series were bred at the Monell Center from original stocks obtained 
from Dr. E. A. Boyse, Memorial Sloan-Kettering Cancer Center. 


trasound in response to females and males. In summary, 
bilateral olfactory bulb removal dramatically reduced the 
overall amount of vocalization emitted and also eliminated 
differential vocalizations by the subjects to other males and 
females. 

Interestingly, bilateral olfactory bulb removal did not ap- 
pear to eliminate the motivation or ability to emit vocaliza- 
tions. The pattern of vocalizations associated with the bul- 
bectomized males, when presented with either awake male 
or awake female stimuli, appeared similar to the emission 
pattern of normal males when presented with male stimuli. 
In both cases, the vocalizations tended to occur primarily at 
the beginning of the 3-min trial. After the subject had thor- 
oughly investigated the stimulus animal at close range, the 
vocalizations typically ceased. 


Phase III: Female-Soiled Bedding Test 


The amount of vocalization by males from the 3 treatment 
groups in response to female-soiled cage shavings is pre- 
sented in Fig. 1. The overall difference among the groups 
was significant, F(2,25)=6.54, p<0.01. Orthogonal compari- 
sons indicated that while the Sham and unilateral groups 
were collectively different from the bilateral group, 
F(1,25)=11.81, p<0.01, the Sham and unilateral groups were 
not significantly different from each other, F(1,25)<1, p=ns. 
Removal of the olfactory bulbs completely eliminated male 
mouse vocalizations in response to female cage shavings. 


EXPERIMENT 2 


The present experiment explores the extent to which 
sex-odor-elicited vocalizations from males, a signaller phe- 
nomenon, is modulated by the vomeronasal organ. Results 
from unpublished experiments in our laboratory and those of 
others [3] demonstrate that intranasal irrigation of zinc sul- 
fate (ZnSO,) does not eliminate a male mouse’s ability to 
discriminate conspecific female-generated odors from male- 
generated odors, but does disrupt his ability to find food 
buried under cage bedding, a simple task for saline-treated 
control mice (Nyby and Wysocki, unpublished). Since some 
investigators [16,27] have reported that ZnSO, affects the 
primary olfactory epithelium while sparing the vomeronasal 


epithelium, one interpretation is that male mice use olfaction 
to respond to food odors and the vomeronasal organ to de- 
tect female generated chemical cues that elicit vocalizations. 
We investigated this possibility in this experiment by surgi- 
cally removing the vomeronasal organ from males, leaving 
the olfactory system intact. 


METHOD 


Animals 


Subjects (see Table 1) were males of the DBA/2J strain, a 
strain which exhibits high levels of vocalizations. Subjects 
were tested either at the Monell Center (M-test group) or at 
Lehigh University (L-test group). Mice arrived at 7 or 8 
weeks of age and were individually housed. Adult C57BL/6 
mice served as social-experience animals, stimulus animals 
and urine donors (M-test mice were not presented with males 
during the social experience period). This genotype was cho- 
sen as a stimulus because of its low production of ultrasonic 
vocalizations during 3-min tests. Hence, ultrasounds de- 
tected during pairings of subject males and awake stimulus 
animals most likely originated from the subject. 


Procedure 


Presurgery. The procedural chronology for the L- and 
M-test groups is presented in Fig. 2. L-test group mice re- 
ceived social experience every other day over an 8-day 
period for a total of 4 days. Subsequently, the L-test group 
was used in 2 other behavioral experiments and then trans- 
ported to the Monell Center to undergo surgery for the pres- 
ent experiment. The M-test group received 8 consecutive 
days of 3 min pairings with females during the period of 
social experience. Ultrasound scores, which were deter- 
mined during these pairings, were used to assign the subjects 
to the surgical treatment groups such that each group had an 
equal number of high and moderate responders and the 
group means were approximately equal. 

Surgery. The surgical procedures for both test groups 
were identical. Each mouse was anesthetized with sodium 
pentobarbital and placed in a mouse stereotaxic unit, ventral 
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FIG. 2. Chronology of the two test groups (L and M) of Experiment 2. All subjects cycled through 4 phases (I-IV) of testing 
with different stimuli, either awake stimulus animals (animal) or their chemical cues (urine), after surgery for removal of the 
vomeronasal organ (or a control procedure). Note that surgery was performed after social experience. 


side up. The mouse was secured to the unit and the lower jaw 
retracted. The palate was then swabbed with xylocaine and 
epinephrine. The stereotaxic unit, mounted on a floor model 
dissection microscope stand, was rotated 180° in the vertical 
plane placing the mouse in a suspended prone position, with 
the caudal regions slightly elevated to prevent blood from 
interfering with breathing. 

Once the mouse and stereotaxic unit were secure, surgery 
was conducted from a reclined position under the mouse; a 
dissecting microscope provided visual control. An incision 
was made in the palate from just caudal to the incisors to the 
second palatal ridge. Gentle aspiration of blood accompanied 
the incision and continued throughout surgery. The vom- 
eronasal organ complex, which could thus be readily seen, 
was nudged from its attachments to the incisive bones by 
gentle dorsal pressure on the ventral surface of the bony 
capsule. The vomer bone was fractured and the entire vom- 
eronasal organ was extirpated from the nasal cavity (VNX). 
Epinephrine was applied to the wound to reduce bleed- 
ing. Occasionally, as needed to remove blood, gentle posi- 
tive pressure was applied to the external nares. Once bleed- 
ing had ceased, the mouse was inverted and the wound was 
closed with cyanoacrylate glue. A heat lamp provided 
warmth during recovery from the anesthetic. Animals as- 
signed to the control group (Sham) underwent all of the 
surgery with the exception of fracture of the vomer bone and 
movement of the vomeronasal organ. This surgical proce- 
dure (1) was performed in the periphery, rather than within 
the central nervous system, (2) provided visual confirmation 
of organ removal, (3) did not encroach upon the primary 
olfactory system, and (4) left intact the septal organ. 

Post-surgery. Testing was conducted in 4 phases, 2 with 
awake stimulus animals (Phases I and III) and 2 with urine 
(Phases II and IV). The second test for each stimulus type 
(Phases III and IV) constitutes a replication of the original 
test, using the same subjects, with a slight modification (the 
L-test group was split into 2 groups which were tested in 
counterbalanced fashion but staggered by 24 hr). During the 
first day of Phase I and Phase III testing the subjects re- 
ceived either an awake stimulus male or an awake stimulus 
female in counterbalanced fashion. On the second day (see 
Fig. 2), the subjects were tested with an animal of the other 
sex. 

During the first day of Phase II and Phase IV testing, the 
subjects were exposed to cotton swabs which contained 


urine from either males or females which had been housed 
overnight in a metabolic cage. Tests with urine-containing 
swabs were conducted in a counterbalanced fashion and 
were procedurally identical to those described in Experiment 
a 

After the urine test, 17 members of the L-test group 
underwent an independent test of olfactory capability. Sub- 
jects were deprived of food for 12 hr (overnight). The fol- 
lowing morning each animal was removed from his home 
cage and a preweighed food pellet (Purina Mouse Chow) of 
about 3-4 g was buried under approximately | cm of bed- 
ding. After returning the animal to his cage, the latency to 
uncover the food was measured. The test was conducted 
after one day of training on the same task. 

At the completion of testing, the animals were weighed, 
killed by cervical dislocation and the seminal vesicles re- 
moved and weighed. Additionally, for the M-test group only, 
blood (heparinized) was drawn by cardiac puncture for tes- 
tosterone radioimmunoassay, the testes and adrenal glands 
were removed and weighed, and surgery was verified by 
gross dissection of the nasal cavity. This occurred 1 week 
after the final behavioral test. During the interim, the males 
were not exposed to any other mice. 

Radioimmunoassay (RIA). Blood samples were cen- 
trifuged at 3000 xg for 25 min to obtain plasma. The plasma 
was transferred to teflon-stoppered tubes and extracted once 
with 10 ml petroleum ether (b.p. 35—56°) and once with 10 ml 
acid-washed diethyl ether. The combined extracts were 
dried in a warm (50°) sand bath, under a gentle stream of 
nitrogen, and then subjected to separation on Sephadex 
LH-20 columns (2.5 g, 8.0 ml; [13]) eluted as described in 
[36]. The testosterone-containing fraction of each run was 
dried and taken up in | ml of 0.1 M Na-phosphate in saline, 
pH 6.9, containing 0.1% gelatin and 0.01% thimerosal. 
Aliquots (100 yl) of the isolated fraction in RIA buffer were 
analyzed for their testosterone contents by RIA methodol- 
ogy using rabbit anti-testosterone-7a-CMTE-BSA (Miles- 
Yeda, Rehovoth, Israel) and 1,2,6,7,16,17-*H-testosterone, 
152 Ci/mmol (New England Nuclear, Boston, MA). 


Data Analysis 


The behavioral results for M- and L-test groups were 
combined and subjected to two 3-way ANOVAs with re- 
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FIG. 3. Mean number of 5-sec blocks containing ultrasonic vocali- 
zations (+SEM) by males lacking their vomeronasal organs (VNX) 
or with intact vomeronasal organs (Sham) in response to male or 
female conspecifics. Surgery was performed after social experience. 
Phase III is, with minor modifications, a replicate of Phase I (see 
text). 


peated measures on test stimulus and phase of the experi- 
ment. One ANOVA evaluated responses during Phases I and 
III (animals stimuli, Fig. 3), the other evaluated responses 
during Phases II and IV (urine stimuli, Fig. 4). Additionally, 
for each subject, within Phases I and II only, an index of 
stimulus discrimination was calculated by subtracting the re- 
sponse to a male stimulus from the response to a female 
stimulus. Differences in this discrimination index between 
VNX and Sham subjects were evaluated with f-tests. A sig- 
nificant difference between the groups would suggest a dis- 
ruption, by VNX males, in the discrimination of female and 
male stimuli. Within the VNX group, female-male discrimi- 
nation also was evaluated using f-tests for correlated sam- 
ples. Differences between the VNX and Sham groups for 
other measures also were evaluated with f-tests. 

One male failed to vocalize during 6 of the 8 pre-surgery 
screenings with a female and was eliminated from further 
participation. Three additional mice died either during 
surgery or prior to Phase I testing. Therefore, except for the 
food finding test, some organ weights and RIA, all results 
were obtained from 23 VNX and 23 Sham mice. 


RESULTS AND DISCUSSION 
Phases I and III: Animal Stimuli (Fig. 3) 


As we have previously observed, males emitted more ul- 
trasonic vocalizations to awake females than to awake 
males, F(1,44)=69.32, p<0.0001. The overall amount of 
vocalizations by VNX and Sham mice to males and females 
did not differ significantly, F(1,44)<1, p=ns, and the 
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FIG. 4. Mean number of 5-sec blocks containing ultrasonic vocali- 
zations (+SEM) by males lacking their vomeronasal organs (VNX) 
or with intact vomeronasal organs (Sham) in response to urine from 
female and male conspecifics. Surgery was performed after social 
experience. Phase IV is, with minor modifications, a replicate of 
Phase III (see text). 


amount was consistent over trials, F(1,44)=1.26, p=ns. 
However, a significant interaction between the sex of the 
stimulus animal and the treatment condition of the subject, 
F(1,44)=15.31, p<0.0001, was observed. Male mice lacking 
a vomeronasal organ emitted fewer vocalizations to awake 
females and more vocalizations to awake males than did the 
Sham males. A t-test of the sex discrimination index scores 
(vocalizations to females minus vocalizations to males) con- 
firmed that female-male discrimination by males that lacked 
a vomeronasal organ was not as keen as female-male dis- 
crimination by intact males; 1(44)=2.88, p<0.01. However, 
within the VNX group, the subjects did retain a female-male 
discrimination, i.e., the mean response to a female exceeded 
the mean response to a male, 1(22)=2.56, p<0.05. 


Phases II and IV: Urine Stimuli (Fig. 4) 


Overall, urine from females elicited more vocalizations 
than did urine from males, F(1,44)=42.23, p<0.0001. How- 
ever, unlike vocalizations to awake animal stimuli, the VNX 
group emitted significantly fewer vocalizations to urine than 
did the Sham group, F(1,44)=8.92, p<0.0001. The replica- 
tion factor was not significant, F(1,44)<1, p=ns. A compari- 
son of Sham and VNX sex discrimination index scores re- 
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FIG. 5. Chronology of the tests employed in Experiment 3. All subjects cycled through all of the tests. Note that surgery was 


performed prior to any adult heterosexual experience. 


TABLE 2 


SEMINAL VESICLE, TESTES AND ADRENAL WEIGHTS FOR MICE 
WITH (SHAM) OR WITHOUT (VNX) A VOMERONASAL ORGAN* 





Organ 





Seminal 


Treatment Vesicles Testes Adrenals 





1.31 + 0.06 0.66 + 0.03 0.010 + 0.001 
(23) (9) (8) 

1.32 + 0.04 0.72 + 0.02 0.012 + 0.001 
(23) (8) (8) 


Sham 


VNX 





*Mean (+SEM) g/g bw. Sample size in parentheses. 


vealed a significant deficit for mice which lacked a vom- 
eronasal organ, 1(44)=3.34, p<0.005. However, as a group, 
the VNX males did respond more to female-produced urine 
than to male-produced urine, f(22)=2.10, p<0.05. 


Food-Finding Test 


After one day of training, the buried food was located 
with a mean (+SEM) latency of 58+20 sec for the 8 Sham 
and 39+10 sec for the 9 VNX mice that were tested, 
1(15)=0.9, p=ns. 


Surgical Verification and Organ Weights 


No trace of a vomeronasal organ could be detected in any 
of the VNX mice subjected to gross dissection under a mi- 
croscope. In Sham subjects, the superficial appearance of 
the vomeronasal organ was normal. Average body weight for 
the VNX mice (28.2 g) did not differ from that of the Sham 
mice (29.8 g), 1(44)=1.62, p=ns. There were no significant 
differences between the VNX and Sham subjects in seminal 
vesicle, testes and adrenal weights (Table 2) suggesting no 
changes in levels of circulating androgens after vomeronasal 
organ removal. 


Testosterone RIA 


Mean (+SEM) levels of immunoreactive testosterone, 
unstimulated by the presence of a female, were 4.3+0.9 and 
2.4+0.4 ng/ml plasma for the 9 Sham and 8 VNX mice re- 
spectively. The two groups did not differ significantly in their 
resting testosterone levels, 7(15)=1.76, p=ns. (We have re- 
peated this observation in two additional experiments. Each 


time the VNX group is numerically, but not statistically, 
lower than the Sham group). Hence, unlike the effects of 
castration on the production of vocalizations, the changes in 
a male’s response to a female or female-produced chemosig- 
nals after removal of the vomeronasal organ cannot be at- 
tributed to a gross change in circulating testosterone. 


EXPERIMENT 3 


The results of Experiment 2 were consistent with the hy- 
pothesis that the vomeronasal organ plays a major role in the 
detection and recognition of conspecific gender. Neverthe- 
less, the fact that at least some VNX males retained an abil- 
ity to discriminate gender suggests that other sensory sys- 
tems may be able to partially maintain this function. In this 
experiment, we explored the role of experience in the ability 
of other sensory systems to maintain gender recognition. 

Even with an intact vomeronasal organ, males require 
some social experience with conspecifics before they will 
differentially vocalize to male and female urine [8,23]. 
Perhaps adult social experience, while possessing a func- 
tional vomeronasal organ, is necessary before other sensory 
systems can then assume a role in the recognition of gender. 
This hypothesis was tested by surgically removing the vom- 
eronasal organ before males had had adult heterosexual 
experience. Results were compared with Experiment 2 
where heterosexual experience occurred before surgery. 


METHOD 
Animals 


Subjects were 30 DBA/2J males approximately 60 days of 
age on the day of surgery. Social-experience animals were 
adult C57BL/6 males and females. These same mice served 
as stimuli in behavioral tests. Urine donors were 3 adult 
males and 3 females of the CD-1 genotype (Charles River 
Mouse Farms). 


Procedure 


Subjects were randomly divided into two groups and re- 
ceived either vomeronasal organ removal or the sham oper- 
ation (n=15 per group). Each group was randomly split into 2 
subgroups with approximately equal representation. Tests 
were offset by one day for half of each group. All subjects 
experienced all stimuli in each of the following phases (see 
Fig. 5) in a counterbalanced fashion when appropriate. 

Phase I: Food-finding. Fifteen days following surgery, 
subjects were tested for their ability to find approximately 
3—4 g of an Oreo cookie with the cream-center removed. 
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Each subject, which was food deprived for approximately 18 
hr before testing, was removed from his home cage and the 
cookie was buried under approximately 1 cm of bedding, 
with the location of burial systematically varied across days. 
Subjects were returned to their home cage and the latency to 
uncover the cookie was recorded. Following cookie loca- 
tion, food (including cookie) was available ad lib until the 
next deprivation period. 

Phase II: Urine test 1. Urine was collected overnight 
from group-housed males or females in metabolic cages. 
Urine was presented on cotton swabs as described in Exper- 
iment 1. 

Phase III: Anesthetized animal test 1. Subjects were pre- 
sented with anesthetized males or females. The stimulus 
animals were anesthetized with sodium pentobarbital. Dis- 
crimination index scores (individual responses to females 
minus responses to males) were assessed. 

Phase IV: Urine test 2. Testing was identical to Phase II 
except the order of stimulus presentation was reversed. 

Phase V: Awake animal test. This phase was identical to 
Phase III except that the stimulus animals were not 
anesthetized. 

Phase VI: Social experience. Subjects were systemati- 
cally presented in their home cages with conspecific males 
and females for 4 consecutive days. The procedure was de- 
scribed in General Method except that 4 instead of 8 days 
were employed and no dangling was used. Ultrasounds were 
not monitored during this phase. 

Phase VII: Anesthetized animal test 2. This phase was 
identical to Phase III except that the order of stimulus pre- 
sentation was reversed. As in Phase III, discrimination 
scores were also assessed. 

Phase VIII: Urine test 3. Testing was identical to Phase 
II. Discrimination scores were assessed. 


RESULTS AND DISCUSSION 
Phase I: Food-Finding. (Fig. 6) 


Male mice with or without their vomeronasal organ did 
not differ significantly in their ability to locate a piece of 
cookie buried under the shavings of their cage, F(1,28)<1. 
Replicating the results of Experiment 2, animals without 
their vomeronasal organ were not impaired in their ability to 
detect and locate a volatile odor source. 


Phases II, IV, and VIII: Urine Tests (Fig. 7) 


The results of Phase II replicate previous findings [8] that 
in the absence of adult social experience little or no vocali- 
zation is emitted in response to urinary chemosignals from 
either males or females. This relationship held for both Sham 
and VNX treatment groups. Similar lack of vocalizations to 
urine were obtained in Phase IV, after only a single exposure 
to an anesthetized male and an anesthetized female. During 
Phase VIII, which followed 5 exposures each to awake, 
freely moving male and female social-experience animals, 
Sham males emitted more vocalizations to urine from a 
female than to urine from a male. Although the responsive- 
ness to female urine was lower than that normally seen after 
8 or more pairings with a female during social experience, 
the discrimination score for Sham mice was significantly dif- 
ferent from zero, 1(14)=3.25, p<0.005. However, even after 
social experience, males lacking a vomeronasal organ emit- 
ted no vocalizations to either male or female urine. 
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FIG. 6. Mean latency (sec) to find a cookie that was buried under 
cage shavings for mice that had had their vomeronasal organs re- 
moved prior to testing (VNX) or had undergone a control surgical 
procedure (Sham). The tests were conducted over 4 consecutive 
days. 


Phases III and VII: Anesthetized Animal Tests (Fig. 8) 


During Phase III, Sham males emitted more vocalizations 
to anesthetized female mice than to anesthetized male mice, 
t(14)=6.25, p<0.001. Since the anesthetized females were 
the first females encountered subsequent to weaning, the 
initial response of a heterosexually naive adult male to a 
female does not depend upon the female’s behavior. Fur- 


thermore, as tested in Phase VII, repeated exposures to 
other male and female mice and their urines did not substan- 
tially alter this pattern of response. Males lacking a vom- 
eronasal organ emitted few or no vocalizations to any of the 
anesthetized animals during either Phase III or Phase VII. 
These results indicate that naive adult males that have had 
their vomeronasal organ removed prior to encounters with 
adult females do not initially emit nor do they come to emit 
more vocalizations in response to anesthetized female stim- 
uli than to anesthetized male stimuli. (In the present work, 
heterosexual encounters were quite limited. However, in as 
yet unpublished work, we have observed that even after ex- 
tensive encounters with a female, removal of the vom- 
eronasal organ prior to these encounters results in non re- 
sponsiveness to anesthetized females or their chemical 
cues). 


Phase V: Awake Animal Test (Fig. 9) 


Animals with their vomeronasal organs emitted more 
vocalizations overall than males without their vomeronasal 
organs in response to awake stimuli, F(1,28)=27.85, 
p<0.0001, which agrees with the results of Experiment 1. 
However, the group x stimulus interaction was not signifi- 
cant, F(1,28)=1.24, p=ns, reflecting the greater response to 
female stimuli than to male stimuli by both treatment groups. 
The high responsiveness by the Sham males to stimulus 
males probably reflects carry-over effects [23] often seen in 
the initial stages of testing naive males, i.e., having once 
encountered a female in the test situation, the inexperienced 
male is more likely to emit vocalizations to a male upon the 
next stimulus presentation. The apparent gender discrimina- 





MOUSE VOMERONASAL ORGAN 


oe) 


Nw 


fo>) 





oa 


Q urine stimulus 
| 
Fy 6 urine stimulus 


> 


w 


Nh 


os 








Phase Il Phase IV Phase VIII 








Mean 5-second blocks containing ultrasounds 


(0) (0) (0) (0) an 
L 


L 4 





Sham ' 


Treatment group 


FIG. 7. Mean number of 5-sec blocks containing ultrasonic vocalizations (+SEM) by 
males lacking their vomeronasal organs (VNX) or with intact vomeronasal organs (Sham) 
in response to the urine from female or male conspecifics. Surgery was performed prior 
to any adult heterosexual experience. Phase IV is, with minor modifications, a replicate 
of Phase II (see text). Phase VIII is a replicate of Phase II, (but between these two phases 


males were provided social experience). 


Phase Ill Phase VII 


8 


Anesthetized 
Q stimulus 


[""] Anesthetized 
d stimulus 


8 


No 
oS 


8 


— 
Ls) 


fos) 


> 





Mean 5-second blocks containing ultrasounds 
a 











Oo 


Treatment group 


FIG. 8. Mean number of 5-sec blocks containing ultrasonic vocali- 
zations (+SEM) by males lacking their vomeronasal organs (VN X) 
or with intact vomeronasal organs (Sham) in response to 
anesthetized female or male conspecifics. Surgery was performed 
prior to any adult heterosexual experience. Phase VII is, with minor 
modifications, a replicate of Phase III (see text). 
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FIG. 9. Mean number of 5-sec blocks containing ultrasonic vocali- 
zations (+SEM) by males lacking their vomeronasal organs (VNX) 
or with intact vomeronasal organs (Sham) in response to awake 
female or male conspecifics. Surgery was performed prior to any 
adult heterosexual experience. 
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FIG. 10. Mean number of 5-sec blocks containing ultrasonic vocalizations (+SEM) 
by males lacking their vomeronasal organs (VNX) or with intact vomeronasal organs 
(Sham) in response to anesthetized female or male conspecifics. Surgery was per- 
formed either after social experience (Panel A) or prior to any adult heterosexual 
experience (Panel B). After surgery, each subject was injected with either testos- 


terone propionate (TP) or its vehicle (Oil). 


tion by VNX males may not depend upon chemosensory 
stimulation. Aggressive encounters during male-male pair- 
ings would tend to reduce the total amount of vocalization 
emitted in the presence of a male. 

Thus the VNX male subjects of this experiment showed 
aberrant vocalization patterns when presented with either 
urine, anesthetized conspecifics, or awake conspecifics. As 
in the previous experiment, differential vocalizations to 
freely moving conspecifics were retained after removal of the 
vomeronasal organ. However, the VNX males did not dif- 
ferentially vocalize to anesthetized females and males 
suggesting that the gender discrimination was being made on 
the basis of behavioral rather than chemosensory gender 
cues. This hypothesis was further supported by the lack of 
vocalizations by the VNX males to either female or male 
urine. This latter finding was also consistent with the hy- 
pothesis that in order for other sensory systems to mediate 
differential ultrasonic vocalizations to female and male 
odors, some degree of heterosexual experience by males 
possessing an intact vomeronasal organ is first necessary. 


EXPERIMENT 4 


In Experiment 2 neither seminal vesicle weight nor en- 
dogenous immunoreactive testosterone levels were signifi- 
cantly affected by vomeronasal organ removal. However, 
the possibility remained that vomeronasal organ removal 
may have induced small, strategically localized deficits in 
endogenous androgen levels that were not reflected in either 
of these measures. Perhaps seminal vesicle weight was not a 
sensitive enough index. On the other hand, failure of our 
hormone assay to find a difference may have been due to the 
large inherent variability of resting testosterone levels 


coupled with a relatively small sample size. While not statis- 
tically significant, the assay results were nevertheless 
suggestive of lower resting testosterone levels in the VNX 
males. Moreover, other work (Wysocki and Katz, submit- 
ted) revealed that gonadal hormone secretion by VNX males 
is not entirely normal; androgen surges in males, which are 
normally seen after encounters with a novel female, were not 
observed following removal of the vomeronasal organ. Thus 
the reduction in ultrasonic calling following removal of the 
vomeronasal organ conceivably could have been due to only 
slightly reduced androgen levels. 

The following experiment, conducted in two parts, 
further explored the androgen-deficit hypothesis by exoge- 
nously administering androgens to VNX males. In the first 
part (A), males received social experience prior to the re- 
moval of the vomeronasal organ; whereas, in the second 
part (B), the vomeronasal organ was removed prior to social 
experience. Thus the role of the vomeronasal organ as men- 
tor in guiding other sensory systems in their ability to acquire 
and maintain differential ultrasonic responses to gender re- 
lated cues was again assessed. 


METHOD 


Animals 


Part A. Subjects were 24 adult DBA/2J males that were 55 
days of age on the first day of social experience. Social- 
experience animals were 12 adult male and 24 adult female 
C57BL/6J mice. The social-experience animals also served 
as stimuli for ultrasound elicitation. 

Part B. Thirty six DBA/2J males, 117 days of age on the 
first trial, served as subjects. No social-experience animals 
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TABLE 3 


ORGAN WEIGHTS* FOR MICE WITH (SHAM) OR WITHOUT (VNX) 
A VOMERONASAL ORGAN TREATED WITH TESTOSTERONE PROPIONATE (TP) 
OR OIL INJECTIONS 





VNX-TP 


Experiment/organ 


__Treatment 
VNX-OIL 


SHAM-OIL 





Part A 
Seminal vesicles 
Testest 
Part B 
Seminal vesicles§ + 


1.09 + 0.08 
0.75 + 0.02 


1.39 + 0.15 





*Mean + SEM 2/100 g bw. 


+F(2,21)=22.5, p<0.0001; VNX-TP > VNX-Oil = Sham-Oil, p<0.001. 
£F(2,21)=4.12, p<0.05; VNX-TP < VNX-Oil = Sham-Oil, p<0.05. 
§F(2,32)=7.53, p<0.005; VNX-TP > VNX-Oil = Sham-Oil, p<0.02. 


were utilized. Stimulus animals consisted of 6 CS5S7BL/6J 
adult males and 6 C57BL/6J adult females. 


Procedure 


Part A. Each male received 8 days of social experience 
with males and females. The DBAs were systemically 
matched into 3 equal groups of 8 each based upon their voc- 
alization levels to females during the first 4 days of social 
experience. Subjects in 2 of the groups (Groups | and 2) had 
their vomeronasal organs removed as described in Experi- 
ment 2 while subjects in the third group (Group 3) underwent 
sham procedures. Surgery occurred when the subjects were 
63 days of age. Following 11 days of recovery, daily injec- 
tions began. Mice in Group | received (subcutaneously) 300 
pg/day of testosterone propionate in 0.05 ml sesame oil, 
while the mice in Groups 2 and 3 received only the oil vehi- 
cle. Injections continued for 14 days before the first behav- 
ioral test and continued throughout testing. Counterbalanced 
tests with anesthetized male stimuli and anesthetized female 
stimuli were 48 hr apart. Following these tests, the animals 
were sacrificed and the seminal vesicles and testes were re- 
moved and weighed wet. Gross dissection assessed vom- 
eronasal organ status. 

Part B. The males in this part did not receive social expe- 
rience and were randomly assigned to the same three types 
of treatment groups as in Part A (n=12 per group). Surgery 
was conducted at 104-105 days of age. Injections began 3 
days after surgery and continued throughout behavioral test- 
ing which was initiated 9 days after surgery. Injected dosages 
were the same as in Part A. Behavioral trials were again 
separated by 48 hr with the presentation of male and female 
animals counterbalanced. Seminal vesicle weight and vom- 
eronasal organ status also were assessed. 


RESULTS AND DISCUSSION 


The results of both Parts A and B are presented in Fig. 10. 
In Part A, the Sham animals emitted more stimulus-evoked 
vocalizations than did males from the 2 VNX groups. 

Among mice lacking a vomeronasal organ, testosterone 
injections were without effect, F(1,14)<1. While the effects 
of vomeronasal organ removal were again seen in Part B, 
testosterone was again without effect in restoring vocaliza- 


tion levels for VNX males (in Part B, one male assigned to 
the VNX-Oil group died during surgery). 

Seminal vesicle weights for the 3 treatment groups of both 
parts of the experiment are seen in Table 3. In general, tes- 
tosterone propionate administration stimulated an increase 
in seminal vesicle weight as compared to those males receiv- 
ing oil injections. Thus, the testosterone therapy was physi- 
ologically active. In sum, the deficit in ultrasonic vocaliza- 
tions following removal of the vomeronasal organ does not 
appear to result from a reduction in circulating endrogens. 


GENERAL DISCUSSION 


Male mouse ultrasonic vocalizations in response to either 
females or the odors of females are disrupted by deafferent- 
ing nasal chemoreceptors and/or by damaging central nerv- 
ous system structures mediating chemoreception (Experi- 
ment 1). Of the 3 major chemoreceptive systems in the nose 
(olfactory, trigeminal and vomeronasal), the vomeronasal 
organ may have much more impact upon this behavior than 
the olfactory system. Most of the deficits in vocalizations 
seen following removal of the olfactory bulbs could be ac- 
counted for by removal of the vomeronasal organ alone. 

Olfactory bulb removal prior to adult heterosexual expe- 
rience resulted in a failure of males to discriminate awake 
females from awake males and totally eliminated respon- 
siveness to female-produced chemical cues. Similar results 
were obtained after removal of the vomeronasal organ prior 
to adult heterosexual experience (Experiment 3). Discrimi- 
nation of awake females from males was disrupted and re- 
sponsiveness to female-produced chemical cues was virtu- 
ally eliminated. After heterosexual experience responsive- 
ness to chemosignals was still absent. 

Removal of the vomeronasal organ could conceivably im- 
pair elicition of ultrasonic vocalization output via a number 
of different mechanisms. In addition to removing a sensory 
mechanism for detecting immediate sensory input (signaller 
effect), removal of this organ could also reduce male moti- 
vation to vocalize (primer effect). For example, other work 
has demonstrated that male motivation to emit vocalizations 
is andorgen dependent [7, 20, 21]. Since the vomeronasal 
organ, via the accessory olfactory bulbs, carries information 
to parts of the hypothalamus important in neuroendocrine 
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regulation, one possible explanation is that disruption of the 
vomeronasal organ/accessory olfactory bulb system might 
have indirectly affected male vocalizations by depressing 
male sex hormone titers. However, several lines of evidence 
suggest that the decline in responsiveness to females and 
female-produced chemical cues was due to factors other than 
depressed androgen titers. An internal index of active 
androgen levels (seminal vesicle weight) as well as direct 
measures of serum testosterone indicated that testosterone 
levels in animals lacking their vomeronasal organs were not 
significantly different from those of normal males. Further- 
more, an attempt to restore normal male vocalization pat- 
terns by administering exogenous androgen was without ef- 
fect. Thus any motivational deficit which might occur follow- 
ing removal of the vomeronasal organ would not appear to be 
mediated by changes in the pituitary/gonadal axis. 

Other data presented here would seem to be more consis- 
tent with the notion that deficits in vocalizations seen follow- 
ing removal of the vomeronasal organ result from sensory 
rather than motivational deficits. First, neither removal of the 
olfactory bulbs nor removal of the vomeronasal organ com- 
pletely eliminated male vocalizations. In fact, in some cases, 
the sensorially deafferented males emitted almost as much, 
albeit nonselective, vocalization as the sham operated males 
(e.g., Figs. 3 and 9). The different amounts of vocalization by 
the VNX males in different experiments seemed to be related 
in part to the amount and variety of sensory input provided 
and the presence of heterosexual experience prior to re- 
moval of the vomeronasal organ. Vocalization was greatest 
when the stimuli were freely moving conspecifics and almost 
nonexistent when the stimuli were strictly chemosensory. 
Thus, it appeared that males without their vomeronasal or- 
gans were motivated to vocalize but would do so primarily in 
response to non-chemosensory input, e.g., behavioral cues. 

While the integrity of the vomeronasal organ is important 
for the normal pattern of male vocalizations to conspecifics 
and conspecific chemosignals, our results also confirm ear- 
lier work [8, 21-23] indicating that prior experiences with 
conspecifics also modulates vocalization output, i.e., normal 
males with intact vomeronasal organs require some experi- 
ence with conspecifics in adulthood before they vocalize in 
the presence of female urine. The response to female urine 
by males lacking their vomeronasal organ, but who had had 
adult heterosexual experience before surgery, was low (Ex- 
periment 2), but gender discrimination remained. Gender 
discrimination also was retained in tests with anesthetized 
females (Experiment 4A). However, if heterosexual experi- 
ence was restricted to post-surgical periods, chemosensory 
stimuli from females (bedding in Experiment | and urine in 
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Experiments 3 and 4B) failed to elicit any vocalizations. Fur- 
thermore, in males deprived of adult heterosexual experi- 
ence prior to removal of the vomeronasal organ, responsive- 
ness to anesthetized females was virtually eliminated (Exper- 
iments 3 and 4B). There was an indication that males lacking 
a vomeronasal organ continued to emit more vocalizations to 
awake females than to awake males (Experiment 2 and Phase 
V of Experiment 3). A number of interpretations of these 
results are possible. Aggressive encounters may reduce ul- 
trasonic vocalizations in the presence of males, thereby re- 
sulting in apparent gender discrimination by VNX males. 
This may account for the results obtained from the socially 
inexperienced males (Phase V of Experiment 3), but may not 
fully explain the results obtained from socially experienced 
males who appear to be capable of relying upon non- 
vomeronasal chemoreception to discriminate gender. 
Female behavioral cues alone may elicit vocalizations from 
VNX males. This also may account for the results obtained 
from heterosexually naive VNX males, but appears to be an 
inadequate interpretation of the results obtained from expe- 
rienced VNX males. More likely, both behavior and non- 
vomeronasal chemoreception may support gender discrimi- 
nation, but only for males having had adult heterosexual 
experience prior to surgery. Hence, the ability to make gen- 
der discrimination by non-vomeronasal chemoreception is 
contingent upon previous experience with the chemical cues 
of a female in the presence of a functioning vomeronasal 
organ. 

The role of the vomeronasal organ may differ among spe- 
cies. Removal of the vomeronasal organ in male guinea pigs 
produced a substantial deficit in response to chemical signals 
in urine. However, this surgery had no effect on reproduc- 
tive behavior in the presence of a cycling female or a female 
with induced estrus (in this study, [4] ultrasonic vocaliza- 
tions were not monitored since guinea pigs are thought not to 
produce them). In the present work, we did not investigate 
other courtship behaviors nor did we perform extensive mat- 
ing tests. For mice and guinea pigs, other sensory systems 
may be able to maintain many reproductive/courtship behav- 
iors in the absence of vomeronasal organ inputs. 
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BEAUCHAMP, G. K., I. G. MARTIN, C. J. WYSOCKI AND J. L. WELLINGTON. Chemoinvestigatory and sexual 
behavior of male guinea pigs following vomeronasal organ removal. PHYSIOL. BEHAV. 292) 329-336, 1982.—The 
vomeronasal organs of male guinea pigs were removed (VNX; n=10) or males experienced sham surgery (Sham; n=10). 
Subsequently a battery of chemosensory tests of investigatory responsiveness to conspecific urine was conducted. Addi- 
tionally, male subjects were paired with female conspecifics for short and long periods and social and sexual behaviors 
were monitored. VNX males exhibited a depression in urine investigation and this depression became more profound 
following repeated testing and/or the passage of time. By 6.3 months following surgery, investigatory responsiveness to 
urine was practically eliminated. Maintenance of responsiveness to urine odors may require reinforcing input through the 
accessory olfactory system. In contrast to these effects on responsiveness to odors, VNX and Sham males were indistin- 
guishable in their social and sexual behavior. These data indicate that male guinea pigs without a VNO: (1) Exhibit a 
depression of investigation of urine odors which is time dependent and which may involve an extinction-like process; (2) 
continue to discriminate classes of urine (e.g., urine from male vs urine from female conspecifics); and (3) exhibit normal 
sexual behavior. The vomeronasal organ in the male domestic guinea pig is apparently critical for the maintenance of 
normal responsiveness to sex odors but, in its absence, other sensory systems are capable of maintaining normal sexual 


behavior under conditions of laboratory testing. 
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THE vomeronasal organ (VNO) is now thought to play a 
critical role in the perception of conspecific chemical signals 
in mammals (see [31] for a review). Interruption of input 
from the VNO to the central nervous system has been shown 
to alter or eliminate components of male sexual behavior [23, 
29, 33], female maternal behavior [10], many of the primer 
effects of chemosensory stimulation [7, 12, 24], and investi- 
gation of and attraction to conspecific secretions and excre- 
tions [22,28]. 

A previous study [4] demonstrated that bilateral removal 
of olfactory bulbs eliminated normal responses to con- 
specific chemical signals and attenuated many components 
of sexual and aggressive behavior in male domestic guinea 
pigs (Cavia porcellus). Several lines of evidence suggest that 
at least the disruption in investigatory responses to chemical 
signals after bulbectomy could be due to elimination of the 
accessory olfactory bulb, the projection site for receptors 
within the VNO. These lines of evidence all involve the hy- 
pothesis that the VNO, in part because of its location in 
rodents near the external nares, could be a receptor system 
responsive to large, relatively non-volatile, molecules [34]. 

First, when a male guinea pig investigates conspecific 
chemical signals, he generally places his rhinarium in direct 


contact with the urine or gland secretion and proceeds to 
draw his head forward and back across the sample at a rate 
of approximately 1-4 cycles/sec (headbobbing [1]) which 
may be involved in transporting nonvolatile substances to 
the VNO [5]. Second, behavioral responses are attenuated if 
urine from a female guinea pig, a substance which is highly 
attractive to male guinea pigs, is placed where it cannot be 
contacted, | cm beneath a wire mesh screen [5,8]. Third, 
results from chemical studies [5,8] suggest that at least some 
components of the materials in urine which signal the sex 
and species of the donor are of molecular weight 600-800 
daltons and are therefore unlikely to be volatile. Fourth, we 
have demonstrated, using guinea pigs [34] and other species 
[6,32] that when a nonvolatile fluorescent dye, rhodamine, is 
placed in urine and an animal is allowed to investigate and 
contact it (including headbobbing in guinea pigs), the non- 
volatile dye is rapidly transported to within the VNO and the 
septal organ but not the main olfactory receptor surface. 
Consequently, we investigated the effects of VNO re- 
moval upon a variety of behaviors in male guinea pigs. As 
one major goal of the study, we wished to determine whether 
responses to urine-based chemical cues were attenuated fol- 
lowing removal of the VNO. Attenuation could take one or 
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both of two forms: (a) Differential responding to chemical 
signals could be eliminated; that is, the normal preference for 
female-produced urine over male-produced urine [1] could 
be altered perhaps as a result of a failure of the substance(s) 
which differentiate these urine types to be perceived, or (b) 
removal of the VNO could generally lower investigatory re- 
sponsiveness to chemical signals while not necessarily dis- 
rupting the relative preferences. In this case, the differences 
among stimuli would still elicit differential, albeit depressed, 
responses. 

Our second goal was to determine whether absence of the 
VNO resulted in alterations of male sexual behavior. Earlier 
[4] we found that sexual behavior was virtually eliminated in 
males lacking olfactory bulbs when they were observed in 
semi-normal, group-living situations. However, when these 
males were briefly paired with females, their sexual behavior 
was normal. A similar methodology was employed in the 
present study to evaluate the effects of removal of the VNO 
on sexual behavior. 


METHOD 

Subjects 

The subjects were 20 male short-haired guinea pigs of 
heterogeneous stock maintained on commercial guinea pig 
chow (Purina) and water ad lib. Each animal was weaned at 
18-20 days and housed individually in 41x25x 18 cm cages 
until 10-18 months of age. Thus, the subjects had had no 
physical contact with conspecifics following weaning. Some 
animals died during the nearly 9 months of testing following 
surgery causing the number of subjects to vary in different 
tests. 


Design 


Responses to conspecific urine were tested (see below), 
and the subjects were divided into two groups of 10 each 
based on these responses. Each group had an approximately 
equal number of animals that exhibited strong, intermediate, 
and weak responses to female urine. One group received a 
complete vomeronasal organ removal (VNX) while the other 
received a sham operation (Sham; see below). After re- 
covery, behavioral testing was initiated. After all testing was 
completed and about 10 months after surgery, histological 
analyses of the olfactory bulbs and the nasal area where the 
VNO is located were conducted. 


Surgery 


Each guinea pig was anesthetized with sodium pentobar- 
bital (25 mg per kg body weight) plus fentanyl-droperidol 
solution (Innovar- Vet; 0.5 ml per kg body weight) and placed 
in a stereotaxic unit, ventral side up. The guinea pig was 
secured to the unit, the lower jaw retracted, and an incision 
was made in the palate from just caudal to the incisors to the 
first palatal ridge. Gentle aspiration of blood accompanied 
the incision and continued throughout surgery. After blunt 
dissection and retraction of the overlying tissues, areas of 
the incisive bones covering the VNO were removed by drill- 
ing. The stereotaxic unit, mounted on a floor model dissec- 
tion microscope stand, was then rotated 180° in the vertical 
plane. The guinea pig was suspended in a prone position, 
with the caudal regions slightly elevated to prevent blood 
from interfering with breathing. Surgery then continued 
from a reclined position under the guinea pig, a dissecting 
microscope providing visual control. The vomeronasal 
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organ complex, which could be readily visualized, was re- 
moved with forceps and by gentle suction. Epinephrine was 
applied to the wound as needed. Occasionally, gentle posi- 
tive pressure was applied to the external nares to remove 
blood. Once bleeding had ceased, the guinea pig was in- 
verted and the underlying tissues were sutured with gut, and 
the palatal epithelium was sutured with silk. A heat lamp 
provided warmth during recovery from the anesthetic. For 
animals assigned to the sham group, surgery was interrupted 
after drilling; the VNO capsule was not penetrated. 

This surgical procedure (a) was performed in the periph- 
ery rather than within the CNS, (b) was under direct visual 
control, (c) did not encroach upon the primary olfactory sys- 
tem, and (d) left the olfactory epithelium and septal organ 
intact. 


Behavioral Observations 


Test of olfactory abilities. Subjects were given a choice 
between deionized water and celery (a favorite food) rubbed 
on glass plates (7.5 15 cm) to test for olfactory responses. 
Each plate was covered with another plate which contained a 
2.5x5 cm window of wire-mesh screening situated approx- 
imately 0.5 cm above the glass plate which contained the 
odor or water. Thus, guinea pigs were not able to lick the 
stimuli. Subjects were given access to both plates for 2 min, 
during which time the total time spent investigating the 
screen-covered window over each sample was recorded. All 
subjects were tested prior to surgery, 2-3 weeks after 
surgery and 5.5 months after surgery (Table 1). As another 
test of olfactory functions, three weeks after surgery all sub- 
jects were food deprived for at least 4 hr. A 1.5 ml sample of 
isosafrole, an odorous substance which inhibits guinea pigs 
from eating if it is placed in their food [4], was then placed on 
the bottom of the subjects’ food bowls and covered with 50 g 
of guinea pig chow. The latency to begin eating was meas- 
ured for each subject. 

Response to conspecific urine. Urine was collected from 
donor animals housed in wire-bottom cages by placing a 
clean sheet of aluminum foil beneath the donor’s cage. 
Urine that was not contaminated by feces or food was col- 
lected every 2-6 hr, pooled by donor type, and frozen. Previ- 
ous work indicated that defrosted urine was not differ- 
entiated from fresh urine (Beauchamp, unpublished). Es- 
trous state was not determined for female donors since we 
have consistently found that males do not discriminate urine 
from estrous and non-estrous females. Donor animals were 
adult domestic or, when so stated, wild cavies (C. aperea), a 
congeneric of the domestic guinea pig (see [3]). Prior to col- 
lecting urines, we manipulated the diet of donor animals or 
affected other changes in their urine. Guinea pigs prefer the 
urine of females on the same diet as themselves [2]. Some 
donor females were maintained on a semisynthetic diet 
(Reed-Briggs) for at least 3 days prior to collection of urine 
[2]. Some samples of urine were aged by air-drying on clean 
glass plates for 3 days (see [29]) whereas for other samples, 
the volatile components of urine were collected by sublima- 
tion of frozen samples and tested in the aqueous phase. 

The test procedure for determining choices of urine has 
been described in detail [8]. Briefly, samples of approx- 
imately 0.2 ml of urine from 2 different sources were placed 
in the center of 2 glass plates (7.5x15 cm). The 2 plates, 
separated by approximately 10 cm, were presented simulta- 
neously to each subject in the central area of his home cage. 
The position (left or right) of each sample was determined 





VOMERONASAL ORGAN REMOVAL AND BEHAVIOR 


TABLE 1 
SCHEDULE OF BEHAVIORAL TESTING 





Test (Number of trials) 


N 


Time Post-Surgery VNX Sham 





Testing of Olfactory Abilities 
1. Celery juice vs water (1) 
2. Celery juice vs water (1) 
3. Isosafrole tainted food (1) 
4. Celery juice vs water (1) 


Response to Conspecific Urine 
1. M vs F (1) 
2. M vs F (2) 
3. M vs F (2) 
4. M vs F (2) 
5. WF vs F (1) 
6. WF vs F (1) 
7. Ag-M vs Ag-F (2) 
. M-Vol vs F-Vol (2) 
. SYN-F vs GPC-F (2) 
. Own vs other M (1) 
. WM vs M (2) 
. Fam-F vs Nov-F (1) 


Other Behavior Observations 
1. Changes in housing (2) 
2. Cycling F (1) 
3. Ovariectomized F (1) 
4. Ovariectomized F (1) 


pre-surgery 
2.5 wk 

3 wk 

5.6 months 


pre-surgery 
0.8 months 
5 months 

6.3 months 
1.8 months 
5.9 months 
1.7 months 
1.8 months 
5.2 months 
5.4 months 
5.6 months 
6 months 


Oo 0 0 O&O S&S OS CO CO OO CO CO CO 


1-1.5 months 
2-2.6 months 
3.1-3.7 months 
7-7.5 months 





When two trials are indicated they occurred within 3-10 days of one another; 
the time given post-surgery is the average time for the two tests in this case. The N 
given is the number of animals per test group available for inclusion in the statisti- 
cal analysis; several animals died prior to completion of the study. Abbreviations 
used for urine donors: M=domestic male; F=domestic female; WM=wild male; 
WF=wild female; Ag=urine aged before testing; Vol=volatile urinary compo- 
nents; SYN=semisynthetic diet; GPC=guinea pig chow; Fam=familiar 
(habituated); Nov=novel or unfamiliar. See text for details. 


randomly. During the 4 min test periods, the amount of time 
that the animal spent with his nose within 1.0 cm of each 
sample was recorded by an observer who was unaware of the 
source of the urine samples. With one exception, familiar vs 


unfamiliar urine, choices were determined using this 
method. For the exception, the choice test utilized habitua- 
tion-preference methodology (see [15]). Briefly, during the 
habituation phase, 3 consecutive | min presentations of an 
individual female’s urine, separated by 30 sec intervals, were 
presented to the test male. One half min after the final 
habituation trial, the male was given a 2 min choice test in 
which the now familiar females’s urine was presented simul- 
taneously with urine from another (novel) female. The total 
time spent investigating each sample was recorded. All sub- 
jects had been familiar with glass plates as a repository for 
olfactory signals prior to surgery. 

Responses to urine were measured during 11 tests which 
occurred between 3 weeks and 6.3 months after surgery. 
Table 1 outlines these tests and the times at which they were 
measured. At approximately 4 months post-surgery, five of 
the subjects failed to approach glass plates during testing (3 
Sham, 2 VNX). Subsequently, the metal sipper-tubes from 


water bottles substituted for the glass plates. All subjects 
responded to the urinary odors on sipper tubes. Tests which 
were repeated at various times post-surgery were analyzed 
using only those animals which were alive for all tests (2 
VNX animals died before the conclusion of urine testing). 
Response to changes in housing. Approximately one 
month after surgery, each subject was tested for scent mark- 
ing behavior (perineal drag) in each of 3 cages (their own, an 
unfamiliar female’s and an unfamiliar male’s) for the purpose 
of examining effects of vomeronasal organ removal on scent 
marking. Approximately 30 min prior to testing, food and 
water were removed from both the donor’s and subject’s 
cages. Each subject was then removed from his cage and 
placed in a clean holding area for approximately 45 sec. The 
subject’s cage was then removed from the cage rack and 
replaced with the cage of a female or a male, or his own cage 
was replaced. Subsequently, the subject was placed in the 
cage and the following were recorded: (1) number of perineal 
drags, (2) total time spent headbobbing, (3) urination, (4) 
vocalizations/15 sec intervals, (5) movement/15 sec interval 
(all four feet moved at least once). After 4 min, where appro- 
priate, the subject was returned to his own cage, donor cages 
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were washed, and the donors were returned to their cages. 
Presentations of stimuli (own-cage, female-cage, male-cage) 
were counterbalanced. Each subject was tested once each 
day for 3 days, each separated by a test-free day. The entire 
procedure was repeated during the following week (Table 1). 

Response to cycling females. Two months after surgery, 
all subjects were transferred to clean 50 x 55 x 35 cm cages. 
A cycling female was introduced to each cage and allowed to 
remain there for the duration of the experiment. On the fol- 
lowing day, each pair was observed for 10 min, during which 
time the frequency of occurrence of 24 behavior patterns and 
vocalizations performed by the male subject during 40-15- 
sec intervals was recorded. These patterns included behav- 
ior from the following major categories: maintenance behav- 
ior (5 patterns), sexual behavior (11 patterns), other social 
behavior (5 patterns), and vocalizations (3 patterns); see [25] 
for detail). The observation periods were repeated 3 times 
per week for 3 weeks. Order of observation, hence time of 
day, was counterbalanced for each pair during the 9 obser- 
vation periods. All females were removed from the subjects’ 
cages after 30 days. 

Response to ovariectomized females. Five days after the 
removal of the females, half of each test group was paired 
with ovariectomized females (Day 1). These pairs remained 
together for 4 days. As soon as each female was introduced 
to a cage, the behavior patterns and vocalizations (see 
above) performed by the male subject were recorded during 
40 15-sec intervals (10 min). These observation sessions 
were repeated on Days 2 and 3. To observe the behavior of 
males during female estrus, each female was injected with 6 
pg estrogen on Days | and 2. Thirty-six hours after the sec- 
ond estrogen injection, females were given a single 0.2 mg 
progesterone injection (Day 4). During the day of estrus (Day 
4) each pair was observed for 5 min (20 15-sec intervals) 
during each of the 6 hr surrounding the time of expected 
receptivity. Throughout this period females were periodi- 
cally checked for opening of the vaginal membrane. After the 
final observation with its initial mate, the female was re- 
moved from the male’s cage and vaginal lavage was per- 
formed to check for sperm. After this examination, a novel, 
receptive ovariectomized female was added to each of the 
males’ cages and a final 5 min observation period was con- 
ducted. All females were then removed from the males’ 
cages. Eleven days later, this procedure was repeated with 
the second half of the test groups. Approximately three 
months later, this entire procedure was repeated (Table 1). 


Histology 


At the termination of the experiment 3 of the VNX sub- 
jects and | Sham subject were injected with T-61, a 
euthanasia drug, or overdosed with pentobarbital, and per- 
fused intracardially with saline, followed by Heidenhain’s 
solution. The brains were removed and post-fixed in 
Heidenhain’s solution. For the 3 VNX subjects that died 
prior to the completion of all the behavioral observations and 
the 4 VNX subjects that died after the completion of the 
experiment but prior to the date of perfusion, their brains 
were emersed in Heidenhain’s solution as soon as possible 
after discovery of the bodies. One animal's brain deteri- 
orated severly which prevented histological analysis. The 
brains were then blocked and cryostat sectioned in the hori- 
zontal plane at 40 um, retaining every possible section. After 
cresyl violet staining, the accessory olfactory bulbs of the 
VNX males were surveyed for the presence of glomeruli, 
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using tissue from the Sham male for comparison. If such 
structures were observed, the corresponding nasal region, 
also post-fixed, was decalcified, paraffin-embedded and sec- 
tioned in the coronal plane at 10 um, retaining every 10th 
section. After staining with cresyl violet, each section was 
surveyed for the presence of neurosensory epithelium in the 
region of what would have been the VNO. All assessments 
were done without knowledge of the behavioral results. 


RESULTS 
Histology 


Distinct glomeruli were detected in the accessory olfac- 
tory bulbs of 1 of the VNX subjects; two additional males may 
have had one or a few glomeruli unilaterally. Although ab- 
normal in appearance, some neurosensory epithelium was 
observed in what would have been the VNO in each of these 
males. Apparent receptor cells were detected in the far ros- 
tral region in two males and in the far caudal region in the 
third (the animal with distinct glomeruli). The remaining 
portions of the VNO regions were either void or filled with 
scar tissue. Approximate estimates of the maximum amount 
of receptor-like cells remaining in the three males were 5%, 
3% and 2% (the animal with distinct glomeruli). Interestingly, 
the male which possessed the greatest amount of receptor- 
like epithelium possessed the fewest (if any) glomeruli in the 
accessory olfactory bulb. (Glomerular-like structures were 
observed within the epithelium, receptor cells were found as 
islands within the deep layers of epithelium, both sensory 
and non-sensory. Spheres of receptor-type cells, having no 
apparent access to the external enviornment, were also ob- 
served). 

Based upon these results and in order to be conservative, 
data analyses were conducted both with all 3 of these males 
included and with the two males with rostral portions of the 
VNO remaining excluded. As will be seen, no substantive 
differences were found with these alternate forms of 
analyses. Due to its anatomical location, we felt that odorous 
compounds would not have had access to the remaining 
caudal VNO segment in the third male (cf. [14, 17, 34]). 
Hence, the animal was not removed from the experimental 
group for data analysis. 


Test of Olfactory Abilities. 


Both test groups preferred celery to water during all three 
test sessions (p<0.01). The latency to eat food odorized with 
isosafrole was 202.3+79.9 sec (mean+SE) in the VNX group 
and 34.5+13.4 sec in the Sham group, 1(18)=2.13, p<0.05, 
whereas olfactory bulbectomized animals were previously 
shown to begin eating in less than 20 sec [4]. While we can- 
not explain this group difference, the results clearly indicate 
that the VNX animals maintained their olfactory abilities. 


Response to Conspecific Urine 


Male vs female urine. Animals were divided into experi- 
mental and control groups based on a male vs female urine 
test prior to surgery. Necessarily, the groups did not differ 
(see Fig. 1 ‘‘Pre’’). All statistical analyses were conducted 
only on tests following surgery. 

Male vs female urine tests were conducted 3 times follow- 
ing surgery: 3-4 weeks after surgery, 5 months after surgery, 
and 6.3 months after surgery (see Table 1). A 2 (treatment) x 
2 (urine type) x 3 (time of test following surgery) analysis of 
variance revealed a significant group effect, F(1,16)=29.1, 
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FIG. 1. Time spent investigating urine (mean+SEM) by males with 
(SHAM) or without (VNO Removed) vomeronasal organs in 4 min, 
2-choice preference tests between urine from domestic females (F) 
vs domestic males (M) (4 pairs of bars to left of dashed line) and 
urine from domestic females vs wild females (WF) (2 pairs of bars to 
right of dashed line). The number above each bar indicates the 
number of subjects that preferred that particular sample, i.e., inves- 
tigated longer. See Table | and text for detail. 


p<0.01, and a significant group xX urine interaction, 
F(1,16)=12.9, p<0.01. Neither the time factor nor the other 
interactions were significant. These differences indicate that 
the response of the experimental group to urine was reduced 
relative to the control group and that the differential re- 
sponse elicited by urine from males vs females was de- 
pressed (Fig. 1). 

Although neither the time of testing nor the time of testing 
Xx group interaction was significant, inspection of the data 
suggested that the response of the experimental group de- 
clined over the course of the tests. In fact, the total time 
spent investigating urine declined in every VNX animal from 
the first to the third test. Such a decline may be obscured in 
this analysis of variance since a decline in the responses of 
experimental group members must be measured against a 
lowered starting point (relative to the control group) during 
the tests 3-4 weeks after surgery. A more appropriate 
analysis compares the ratios in the following manner: re- 
sponse during the third trial (6.3 months following surgery) 
divided by the response during the first trial (3-4 weeks fol- 
lowing surgery). For this analysis, time spent investigating 
male and female urine was summed for each subject. Non- 
parametric statistics, used here due to the lack of normality 
of ratio data, demonstrated that the ratios of the experi- 
mental group (median=0.28) were significantly (Mann Whit- 
ney U=10; p<0.02) lower than those of the control group 
(median=0.75). Thus, relative to the first test (3-4 weeks 
following surgery) responses in the experimental group de- 
clined at testing 6.3 months following surgery, while re- 
sponses of the control group did not. 

Although investigative responses to male and female urine 
fell following surgery, it appeared that the male subjects that 
lacked their vomeronasal organs still distinguished male 


from female urine (Fig. 1). Analyses conducted on the results 
of this group alone at 5.0 and 6.3 months following surgery 
revealed a_ significant (¢(7)=2.69, p<0.025; 1(7)=2.15, 
p<0.05; one tailed tests) preference for female urine over 
male urine. 

When the two experimental animals who had had some 
rostral portions of the VNO remaining were excluded from 
the analyses, identical conclusions were reached, but for the 
lack of preference by the VNX males for female urine over 
male urine at 6.3 months, ¢(5)=1.44, p>0.10; one tailed test. 

Domestic female vs wild female urine. A 2 (treatment) x 2 
(urine type) x 2 (time of testing: 1.8 and 5.9 months follow- 
ing surgery) ANOVA revealed a significant group effect 
F(1,16)=11.3, p<0.01, a significant urine source effect 
F(1,16)=21.4, p<0.01, and a significant group x urine 
source interaction, F(1,16)=7.1, p<0.01. These results are 
almost identical to the male vs female urine tests and indicate 
that the responsiveness to urine was depressed among exper- 
imental animals and that differential responsiveness to the 
urine sources was attenuated in this group (Fig. 1). 

Based on the same reasoning employed above for using 
ratio scores to evaluate time effects, a similar analysis was 
conducted. Responsiveness to urine (seconds investigating 
wild female urine plus seconds investigating domestic female 
urine) in the second test (5.9 months post surgery) relative to 
the first test (1.8 months post surgery) differed in the 2 
groups (U=17; p=0.05). Response to urine declined in the 
experimental group (median=0.30) but not in the control 
group (median=1.14). 

The same analyses performed after removing the 2 
animals which exhibited some rostral VNO tissue produced 
identical results. 

Other comparisons less than 2 months after surgery. Ap- 
proximately seven weeks following surgery the effects of 
aging the urine and of testing only the volatile components 
on responses to male and female urine were evaluated (Fig. 
2). For aged urine the ANOVA (2x2) revealed only that 
female urine was preferred to male, F(1,18)=5.63, p<0.05; 
the groups did not differ. In contrast, when the volatile frac- 
tions of male and female urine were tested, the significant 
group X type interaction, F(1,18)=10.12, p<0.01, indicated 
that the VNX group was less responsive to the volatile frac- 
tion of female urine; both groups exhibited a low response to 
the volatiles in male urine. Omission of the 2 VNX males 
who had some rostral VNO remaining did not alter these 
conclusions. 

Other comparisons at 5-6 months after surgery. While 
each analysis revealed a slightly different statistical picture, 
the overall results were mutually consistent; responsiveness 
of the VNX group was greatly reduced relative to the control 
group (Fig. 2). For all four comparisons the ANOVAs re- 
vealed significant (p<0.01) group differences and significant 
urine type differences (p<0.01) for all but the wild male- 
domestic male comparison. Additionally, for all but the diet 
comparison there were significant (p<0.05) interactions be- 
tween urine type and group. Again elimination of the 2 VNX 
males with some rostral VNO remaining did not alter the 
interpretation of the analyses. It should be noted that even 
for the VNX group, there was a tendency for the subjects to 
respond differentially to the samples in 3 of the comparisons 
(Fig. 2). In fact, the VNX group significantly preferred other 
male urine to their own, t(7)=1.93, p<0.05; one-tailed test, 
and urine from females fed guinea pig chow to the urine of 
females fed a semi-synthetic diet, t(7)=4.17, p<0.005; one- 
tailed test. 
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FIG. 2. Time spent investigating urine (mean+SEM) by males with 
(Sham) or without (VNO Removed) vomeronasal organs during a 
variety of 2-choice preference tests. Table 1 and the text provide 
details on the meaning of the abbreviations, the number of subjects 
tested in each group, and the testing methodology. The number 
above each bar indicates the number of subjects that preferred that 
particular sample, i.e., investigated longer. 


Other Behavioral Observations 


Response to changes in housing. No significant differ- 
ences in marking, vocalization, or activity were observed 
between test groups. For both groups, the number of marks 
performed, time spent headbobbing, and time spent active 
were greater (p<0.01) when the males were tested in the 
cage of an unfamiliar female or unfamiliar male than when 
they were tested in their home cages. 

Response to cycling females. Analyses of the behavior 
patterns and vocalization of the male subjects while they 
were cohabitating with females during the nine observation 
periods revealed no significant differences between VNX 
and Sham groups. Analyses were performed on the 24 behav- 
ior patterns examined. Certain behavior patterns became 
less frequent from week to week, but these changes were 
consistent in the 2 groups. Breeding success also did not 
vary significantly between groups; five of the 10 experi- 
mental and 3 of the 10 control males successfully impre- 
gnated their mate within the 30 day cohabitation period. 

Response to ovariectomized females. All females entered 
estrus as evidenced by the opening of the vaginal membrane. 
The pairings of the test subjects with ovariectomized females 
did not show any significant difference between VNX and 
Sham groups in either series of pairings. Only one successful 
mating occurred as is often the case for male guinea pigs 
without extensive heterosexual experience [27]. 


DISCUSSION 
Responses to Chemical Signals. 


Removal of the VNO altered the response of male guinea 
pigs to a wide range of types of conspecific urine. Investiga- 
tory time was depressed in almost all conditions. However, 
without the VNO, males apparently continued to discrimi- 
nate male from female urine, own urine from another male’s 
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urine, novel from familiar females’ urine and, at least at 2 
months following surgery, wild from domestic female urine. 
These results demonstrate that the VNO is not required for 
perception of at least some of the substances responsible for 
differentiating these classes of urine. The data are consistent 
with the hypothesis that the main olfactory system and/or the 
septal organ is involved in their perception. 

The decline in response to urine by the experimental sub- 
jects (male vs female; wild female vs domestic female; Fig 1) 
is of special significance. In both cases, in the last test fol- 
lowing surgery, the response was substantially reduced rela- 
tive to the first test following surgery. In fact, the time spent 
investigating urine in the VNX animals at 6.3 months was 
within the range elicited by water alone [2]. 

There are at least two possible explanations for these 
data. Between testing soon after surgery and the last test 
with urine at 6.3 months post surgery, the subjects were 
exposed to urine from females in a variety of contexts: dur- 
ing urine tests, when living with females during sexual be- 
havior tests, and perhaps daily from the volatile components 
in the air in the animal rooms. Perhaps this repeated expo- 
sure led to an extinction of the response to urine. If this were 
the case, it clearly contrasts with the stability of the response 
in the control group (note Fig. 1) as well as the stability we 
have previously reported [1,5]. While information was avail- 
able which allowed males without a VNO to discriminate 
guinea pig urine, the motivation for continued investigation 
may have been diminished. The absence of the VNO may 
have prevented central nervous system activity which is re- 
warding and which maintains vigorous responses to con- 
specific chemical cues in the absence of conventional rein- 
forcers (e.g. sexual behavior). In short, the chemosensory 
input from urine via the VNO may be rewarding; removal of 
the VNO may eliminate the reward which results in an ex- 
tinction of the response. Under this hypothesis, it is possible 
either that the same substances in urine are activating both 
the VNO and other olfactory structures, or different 
molecules, providing redundant information, activate these 
receptors. 

As an alternative explanation of the decrement in re- 
sponse following surgery, the effects may have been due to 
CNS changes associated with passage of time. 
Neuroanatomical and/or biochemical alterations in CNS 
structures following VNO removal may occur gradually. 
Since we were unable to detect any alterations in sexual 
behavior up to 7.5 months following VNO removal (see be- 
low), such an effect must be relatively specific for 
chemosensory stimuli. 

These explanations for the decrement in responses are 
neither mutually exclusive nor are they completely inclusive; 
other hypotheses could be suggested. However, they pro- 
vide the basis for future investigation. One other report in 
the literature strongly indicates a progressive change in re- 
sponse following VNO removal. Kubie and Halpern [13] 
have reported that immediately following surgery which 
eliminated VNO input in garter snakes, some snakes contin- 
ued to swallow food. However, following several trials, dur- 
ing which extinction may have taken place, the snakes no 
longer swallowed food even when it was placed in their 
mouths. 

Two recent studies have evaluated responses to sex odors 
in male hamsters without a functional VNO. Comparing 
males with VNO nerve cuts with control males, Murphy [19] 
reported neither a depression in the total time spent inves- 
tigating an anesthetized estrous female hamster nor an al- 





VOMERONASAL ORGAN REMOVAL AND BEHAVIOR 


teration in the normal preference for conspecific females 
compared with closely related females. He concluded that, 
under his conditions of testing, sexual preference is mediated 
by the main olfactory system alone or by both systems. This 
conclusion is consistent with our findings that male guinea 
pigs lacking a VNO continued to discriminate among urine 
types (Figs. 1 and 2). Powers, Fields and Winans [22] found 
that VNO nerve cuts did depress investigatory responses 
elicited by female vaginal secretion placed on anesthetized 
males, but this was true only in a subpopulation (25%) of the 
experimental animals. These authors noted that even among 
the subpopulation with altered investigatory responses, a 
decline was evident only on the second post-treatment test. 
Perhaps this is indicative of the beginning of an extinction- 
like process in male hamsters. In both of these hamster 
studies, behavioral testing was completed within 4 weeks of 
surgery and did not consist of the large battery of tests em- 
ployed in the present study. Conceivably, repeated testing 
with odors in male hamsters would lead to the same 
profound depression in investigatory interest in male ham- 
sters as we observed with male guinea pigs. 

We [34] and others (see [32]) have speculated that the 
VNO may be especially important in the preception of non- 
volatile molecules (see Introduction). The data obtained with 
the volatile fraction, indicating significant depression in re- 
sponse by VNX males, suggests that this organ may be in- 
volved in the perception of volatile substances as well. How- 
ever, it is important to emphasize that in all test conditions, 
male subjects could contact liquid containing the odors. 
Thus, these data cannot be used to determine whether the 
VNO is responsive to airborne molecules. Electrophysiolog- 
ical studies [18,26] indicate that the receptors are responsive 
to airborne volatile substances. Thus, as we have suggested 
elsewhere [5], the hypothesized responsiveness of the VNO 
to nonvolatiles may not be due to any special features of the 
VNO receptors but only to its anatomical location which 
allows access of nonvolatile substances which are unavaila- 
ble to the main olfactory receptors. 


Social and Sexual Behavior. 


In spite of a rather thorough effort, we were unable to 
detect any difference between VNX and Sham animals on 
any of the behavioral variables monitored during male- 
female social interactions. Nor was there any disruption of 
scent marking behavior among VNX animals. This is in con- 
trast to the results obtained following bulbectomy in guinea 
pigs [4] and the results obtained from tests of male hamsters 
[16, 23, 30] and male mice [33] following disruption of VNO 
input. 

The failure to find disruption is probably not the result of 
the timing of testing. When it was realized that the response 
to urine had declined at 6.3 months post-surgery, a final set 
of behavioral observations was conducted following these 
urine tests. No significant differences were found between 
groups at this time. 


One might expect disruption of social and sexual interac- 
tions if VNO removal alters investigatory responsiveness to 
conspecific odors so profoundly, particularly since VNO 
removal has been reported to disrupt sexual behaviors in 
other rodents. Several factors must be considered. First, al- 
though our time-sampling methodology attempted to evalu- 
ate behavioral disruption under the most natural conditions 
possible, a whole gamut of factors involved in assuring that 
males and females are together at the appropriate time for 
mating are eliminated when behavior is studied in the re- 
stricted condition of a cage. Males without a VNO may be 
less successful in locating females in a more natural 
environment. Furthermore, the methods employed here do 
not test the hypothesis that males without a VNO may be 
less successful than intact males in a competitive situation. 

Second, as noted above, olfactory bulb removal [4] dis- 
rupted sexual behavior only in certain circumstances. When 
an isolated male was presented with a female in his home 
cage, he vigorously attempted to copulate with her. Appar- 
ently, novelty combined with other sensory stimuli (vision, 
audition, tactile) are sufficient to maintain sexual behavior. 
Olfactory bulb removal has more profound effects in ham- 
sters [20] and mice [9]. In the current study, where only 
VNO input was disrupted, these other sensory inputs were 
apparently sufficient to maintain a normal response in all 
circumstances studied. Domestication may increase sexual 
drive and decrease specificity of the stimuli necessary to 
elicit sexual behavior [11]. Perhaps if wild guinea pigs (C. 
aperea) had been tested, disruptions of sexual behavior fol- 
lowing VNO removal would have been observed. 

Third, there are likely substantial species differences in 
the role played by the VNO. When VNO input is eliminated 
in male hamsters, a substantial proportion fail to mate 
[23,30]. In a recent study [33], a profound depression was 
observed in ultrasonic calling by male mice to females or 
their odors following removal of the male’s VNO. Further- 
more, in this latter study, it was found that the male’s prior 
social experience with females influenced the degree of dis- 
ruption. Unfortunately, ultrasonic vocalizations by male 
guinea pigs were not specifically studied in the present ex- 
periment. 

It is now clear that the accessory and main olfactory sys- 
tems play interacting and in some cases redundant roles in 
mediating responses to chemical signals. Other nasal 
chemosensory systems, such as the septal organ, nervus 
terminalis and the trigeminal system, may also be involved in 
regulating social behavior and neuroendocrine responses to 
chemical stimulation. An understanding of the interacting 
role of all these sensory systems in a variety of species is not 
yet available. 
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TSUDA, A., M. TANAKA, Y. KOHNO, T. NISHIKAWA, K. ITIMORI, R. NAKAGAWA, Y. HOAKI, Y. IDA ANDN. 
NAGASAKI. Marked enhancement of noradrenaline turnover in extensive brain regions after activity-stress in rats. 
PHYSIOL. BEHAV. 29(2) 337-341, 1982.—Male Wistar rats were exposed to a 5-day activity-stress procedure wherein 
animals were housed in running-wheel activity cages and fed for only | hr each day (wheel-housed/food-restricted rats). 
This activity-stress procedure produced marked elevation in levels of the major metabolite of noradrenaline (NA), 3- 
methoxy-4-hydroxyphenylethyleneglycol sulfate (MHPG-SO,), in eight brain regions, while a reduction of NA level 
occurred in several of these brain regions. These rats also exhibited excessive running activity and developed severe gastric 
glandular ulcers. Rats fed ad lib and housed in activity cages (wheel-housed/ad lib-fed) and rats housed in standard 
individual cages and which received either 1-hr daily feeding (control cage-housed/food-restricted) or ad lib feeding (control 
cage-housed/ad lib-fed) showed neither significant changes in brain NA metabolism nor gastric ulcers. These results 
suggest that the interaction of a restricted feeding regimen and an increase running wheel activity caused marked enhance- 
ment of NA turnover in several brain regions, which is one of the neurochemical mechanisms underlying the physiological 
and behavioral changes produced by the activity-stress paradigm. 


Activity-stress ulcer paradigm 


Running wheel activity 


PARE and Houser [19] have observed that rats which are 
placed into running-wheel activity cages and fed 1-hr daily 
die within 4-12 days and reveal extensive gastric ulcers. 
Since this procedure leads to greatly increased running ac- 
tivity for experimental subjects, it is called the ‘‘activity- 
stress’’ procedure [18]. Two factors—a restricted feeding 
regimen and an increase in running activity—are related to 
physiological [6, 7, 17, 20] and behavioral [5, 15, 26, 27] 
symptoms of activity-stress, but there is little understanding 
of the neurochemical and/or biochemical brain mechanisms 
occurring in response to activity-stress. 

It has been well documented that several stressful stimuli 
enhance brain noradrenaline (NA) turnover and result in re- 
duction of NA levels in experimental animals [1, 2, 13]. In 
addition, we have recently clarified that regional responses 
of rat brain noradrenergic neurons depend on the duration 
and/or intensity of the stressor which is used [8, 12, 24, 25]. 

In the present study, we investigated how activity-stress 
affects noradrenergic neurons in different parts of the brain 
by measuring levels of NA and its principal metabolite 
[22], 3-methoxy-4-hydroxyphenylethyleneglycol sulfate 
(MHPG-SO,). A 5-day period of activity-stress was chosen 
as the duration which seems to be sufficiently intense to 
produce readily discernible behavioral signs such as reduced 
food consumption, decreased body weight and increased 


Brain noradrenaline (NA) 
3-Methoxy-4-hydroxyphenylethyleneglycol sulfate (MHPG-SO,) 


Gastric ulcer Restricted feeding 


running activity [16] as well as gastric ulcer consequences 
[28]. 


METHOD 
Subjects and Experimental Procedure 


Thirty-two male albino Wistar-strain rats, weighing 130- 
160 g (35 to 45 days old), were used. Animals were kept 
in a temperature-controlled room (24+1°C) under a 12- 
hr (0700 hr to 1900 hr) light-dark cycle and assigned either 
to the activity condition (n= 16) or to the control cage-housed 
condition (n=16). Wheel-housed rats were housed in 
running-wheel activity cages (Nakazono Manufacturing 
Company, Kurume), which consisted of an activity wheel 
(32.5 cm in diameter, 10.5 cm in width) equipped with an 
adjoining chamber measuring 32x 12.5 16 cm. Wheel revo- 
lutions were recorded daily by electromagnetic digital coun- 
ters. Control cage-housed rats were housed in a standard 
individual cage measuring 28x 15x18 cm. 

Both wheel-housed and control cage-housed rats were 
habituated to their new housing environments for two days 
with free access to food and water. On the third day, each 
treatment group was further randomly divided into two sub- 
groups receiving either | hour per day restricted or ad lib 
feeding schedule. Food was removed from the restricted 
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FIG. 1. Changes in MHPG-SO, contents in various brain regions after the activity-stress for 


the wheel-housed/food-restricted (MH), wheel-housed/ad lib-fed (S$), control cage- 
housed/food-restricted (E3) and control cage-housed/ad lib-fed (LJ) groups. Each value rep- 
resents a mean+S.E.M. of 7-8 rats. Statistical differences between groups are shown at 


p<0.05 (A) and p<0.01 (AA). 


feeding groups (wheel-housed or control cage-housed) of 
1000 hr on the same day. From the fourth day to the eighth 
day, both wheel-housed/ and control cage-housed/food- 
restricted rats were fed for 1 hr per day (from 1000 hr to 1100 
hr). Following the 1-hr restricted feeding schedule on the 
eighth day of the experiment, animals were sacrificed by 
decapitation and their brains and stomachs were im- 
mediately removed and analyzed. The decapitation was per- 
formed between 1100 hr and 1330 hr. 


Tissue Preparation and Biochemical Determination 


The stomach was examined for the number of ulcers 
which were defined as lesions in the mucosal surface of the 
stomach. Eight brain regions (hypothalamus, amygdala, hip- 
pocampus, thalamus, midbrain, pons plus medulla oblon- 
gata, cerebral cortex and basal ganglia) were dissected out 
by the method of Gispen et al. [3]. The blood from the cervi- 
cal wound was collected into heparinized tubes and cen- 
trifuged. The plasma and brain tissues were kept at —45°C 
until assayed. Contents of NA and MHPG-SO, in the brain 
regions were estimated fluorometrically by the method of 
Kohno et al. [10]. Plasma corticosterone levels were meas- 
ured fluorometrically by the method of Van der Vies [29] 
with a slight modification. 


All statistical comparisons were made using Student's 
t-test (two-tailed), unless otherwise noted. 


RESULTS 


As shown in Fig. 1, marked increases in MHPG-SO, level 
appeared in all brain regions examined after the 5-day 
activity-stress period. Regional levels of MHPG-SO, in the 
wheel-housed/food-restricted rats were significantly higher 
than those shown in other groups (wheel-housed/ad lib-fed, 
control cage-housed/food-restricted and control cage- 
housed/ad lib-fed). Regional MHPG-SO, levels observed in 
the latter three groups were similar, with the exception of 
significant differences in the hippocampus and midbrain be- 
tween wheel-housed/ad lib-fed and control cage-housed/ad 
lib-fed rats. 

Alterations in brain NA metabolism in terms of percent 
values of MHPG-SO, contents in the control cage-housed/ad 
lib-fed rats occurred most dramatically in the cerebral cortex 
(260%) and midbrain (198%), and less extensively in the 
thalamus (162%), hippocampus (162%) and pons plus 
medulla oblongata (154%). The changes in the hypothalamus 
(144%), basal ganglia (140%) and amygdala (135%) were rel- 
atively moderate. 
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FIG. 2. Changes in NA contents in various brain regions after the activity-stress for the 
wheel-housed/food-restricted (MB), wheel-housed/ad lib-fed (S$), control cage-housed 
food-restricted (Lj) and control cage-housed/ad lib-fed (CJ) groups. Each value rep- 
resents a mean+S.E.M. of 7-8 rats. Statistical differences between groups are shown at 


p<0.05 (A) and p<0.01 (AA). 


As shown in Fig. 2, wheel-housed/food-restricted rats 
exhibited significant reductions in NA levels in the hypothal- 
amus, amygdala, hippocampus and thalamus, when com- 
pared to the remaining groups. By contrast, in the basal 
ganglia, NA content in the wheel-housed/food-restricted rats 
reliably increased when compared to the other groups. The 
wheel-housed/ad_lib-fed, control cage-housed/food-re- 
stricted and control cage-housed/ad lib-fed rats showed 
similar NA contents in all brain regions examined. 

As indicated in Table 1, all wheel-housed/food-restricted 
rats had extensive ulcers in the glandular portion of the 
stomach. A few ulcers were observed in two control cage- 
housed/food-restricted rats, while all wheel-housed/ad lib- 
fed and control cage-housed/ad lib-fed rats were ulcer-free. 

Plasma corticosterone levels in the wheel-housed/food- 
restricted rats (mean+S.E.M.=54.1+7.9 ywg/dl) were much 
higher than those in the wheel-housed/ad lib-fed (15.6+1.5 
pg/dl), control cage-housed/food-restricted (32.9+3.0 wg/dl) 
or control cage-housed/ad lib-fed rats (19.4+3.0 g/dl) 
(p<0.01, respectively). The corticosterone level in the con- 
trol cage-housed/food-restricted rats was significantly higher 
than that in both the wheel-housed/ad lib-fed and the control 
cage-housed/ad lib-fed rats (p<0.01), although the latter two 
groups did not differ from each other. 


Figure 3 illustrates the mean 24 hours running wheel ac- 
tivity across the 5-day activity-stress phase. Differences in 
running wheel activity between the two wheel-housed 
groups were analyzed using analsis of variance. During the 
5-day activity-stress phase, the number of wheel revolutions 
was reliably greater for the wheel-housed/food-restricted 
rats as compared to the wheel-housed/ad lib-fed rats, 
F(1,4)=10.6, p<0.01, however, the daily activity of the 
food-restricted rats decreased sharply for the last two days 
of the experiment. 


DISCUSSION 


After a 5-day activity-stress procedure, only wheel- 
housed/food-restricted rats revealed increased running 
wheel activity and developed extensive gastric ulcers. 
Control-housed/food-restricted rats had few ulcers, and 
wheel-housed/ad lib-fed and control cage-housed/ad lib-fed 
rats were ulcer-free; observations consistent with previous 
reports [15, 19, 27]. In addition, the wheel-housed/food- 
restricted rats showed a marked increase in MHPG-SQ, level 
in all brain regions studied which was accompanied by a 
concomitant reduction in endogenous NA levels in several 
other brain areas. These animals also exhibited the highest 
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TABLE | 
SUMMARY OF STOMACH CONDITIONS FOR THE FOUR TREATMENT GROUPS 





Treatment 


Number Rats Mean (+SE) 
of with Ulcers 
Subjects Ulcers per Rat 





Wheel-housed/food-restricted 
Wheel-housed/ad lib-fed 

Control cage-housed/food-restricted 
Control cage-housed/ad lib-fed 


8? 203 £2.99" 
or _—— b’ 
2' 0.88 + 0.74° 
0* — d’ 





Significance level at p<0.01 (,?-test): a-b, a-c, a-d. 
Significance level at p<0.001 (t-test): a’-b’, a’-c’, a’-d’. 
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FIG. 3. Running wheel activity for the wheel-housed/food-restricted 
(—@-—) and wheel-housed/ad lib-fed (-O—) groups. Each point 
shows the mean wheel revolutions for a 2-day habituation phase and 
the mean daily wheel revolutions for the subsequent restricted feed- 
ing phase. 


level of plasma corticosterone. Since rats in the other three 
treatments all showed similar levels of MHPG-SO, and NA 
in most brain regions, it appears that an interaction of both 
the restricted feeding regimen and increased running wheel 
activity contribute to the enhancement of neuronal activity 
of central noradrenergic neurons in activity-stress rats. 
Brain NA metabolism was examined in the present study 
when the activity-stressed animals were close to death and 
displayed obvious behavioral signs which Paré [16] termed 
the ‘‘disease state.’’ The activity-stress ulcer paradigm is 
regarded as an intense stress with respect to the pronounced 


ulcerogenesis as well as the high mortality rate produced by 
this procedure. Other research has documented that virtually 
all rats exposed to activity-stress characteristically have gas- 
tric glandular ulcers which penetrate the muscularis mucosa 
and which resemble peptic ulcer in man [11]. Previously 
employed stress ulcer models typically yielded lesions which 
did not penetrate the muscularis mucosa [4,18]. 

Although stress-induced enhancement in brain NA turn- 
over has been reported elsewhere [14, 21, 23], activity- 
stressed rats exhibit different characteristics in terms of the 
responses of regional noradernergic neurons. A greater re- 
sponse was produced in the cerebral cortex and midbrain, 
whereas a diminished response was produced in these areas 
following different stress paradigms. For example, recent 
studies examining regional changes in NA turnover induced 
by physical restraint [24,25] or in combination with tail shock 
[12] showed that most marked and rapid increase in 
MHPG-SO, level in the hypothalamus and amygdala. When 
rats were not shocked but were exposed to the response 
displayed by foot-shocked rats in a communication chamber, 
a moderate increase in NA turnover occurred preferentially 
in these two regions [8]. Other investigators also found the 
enhancement of NA turnover in the hypothalamus induced 
by tail shock [31] or by ether [30]. This discrepancy may be 
due to a difference in brain regions involved between during 
activity-stress and during other different stress procedures. 

The present results also suggest that the overall and pro- 
longed NA release is followed by an increased function of a 
possible NA maintenance mechanism. Thus, although 
activity-stress procedure evoked considerable enhancement 
of NA turnover in an extended number of brain parts, NA 
content was maintained in several other brain regions. 

When compared with the changes in NA turnover ob- 
served following chronic or repeated stress, the changes 
produced by activity-stress are still somewhat different. A 
major difference between activity-stress and repeated stress 
is that in the activity-stress, NA utilization in extensive brain 
regions is sustained and pronounced even after the 5-days of 
the activity-stress procedure. The rapid release and metabo- 
lism of brain NA caused by immobilization stress [9] or 
foot-shock stress [14] diminished within a few days after the 
repeated treatments. 

It is difficult to identify from this experiment when and 
where NA metabolism for the wheel-housed/food-restricted 
(i.e., activity-stressed) rats changes in different brain parts. 
Nevertheless, the present study suggests that marked 
enhancement of NA turnover in various brain regions is one 
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of the neurochemical mechanisms underlying the physiolog- 
ical and behavioral changes induced by exposure to the 
activity-stress ulcer paradigm. We are currently investigat- 
ing the time course of changes in NA turnover in discrete 
brain regions at various phases during the activity-stress 
ulcer paradigm. 
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JEVNING, R., A. F. WILSON AND J. P. O HALLORAN. Muscle and skin blood flow and metabolism during states of 
decreased activation. PHYSIOL. BEHAV. 292) 343-348, 1982.—Acute decline of forearm oxygen consumption has been 
observed during an acute, wakeful behaviorally induced rest/relaxed state. This change of tissue respiration was not 
associated with variation of rate of forelimb lactate generation. Since forearm blood flow did not change significantly during 
this behavior, the decline of oxygen consumption by forearm was due almost solely to decreased rate of oxygen extraction. 
Decreased muscle metabolism was a likely contributor to these observations. The occurrence of sleep was not related to 
the metabolic change. The lack of coupling between the metabolic and blood flow changes during this state of decreased 
activation suggests limitation of the hypothesis of obligatory coupling between systemic and/or regional cardiovascular and 


metabolic function. 


Behavior Cardiovascular ™ Relaxation 


MUCH of current understanding of metabolic and car- 
diovascular changes associated with behavioral states is 
based upon study of states of increased activation such as 
defense or stress [4, 5, 11, 19], exercise [11, 19, 26], or differ- 
ing attentional demands [27]. Several investigations have fo- 
cused on limb blood flow [1, 2, 4, 5, 27] and metabolism [1, 4, 
27]; heart rate and blood pressure [27]. 

Few cardiovascular and attendant metabolic data exist, 
however, on states of acutely decreased activation. For 
study of cardiovascular and metabolic changes and their in- 
terrelationship at this end of the activation spectrum, the 
mental practice known as the ‘transcendental meditation 
technique’’ (TM) is convenient, since rapid metabolic and 
cardiovascular changes consistent with decreased activation 
have been measured during this behavior [13, 14, 15, 16, 25]. 
There exists a relatively large and homogeneous body of 
individuals who have been regularly eliciting this state twice 
daily for periods of 30-40 minutes over the course of several 
years [25]; additionally, a large amount of descriptive physi- 
ological information exists [3,25]. Some of the physiological 
changes previously described include 10-16% decrease of O, 
consumption and CO, elimination [25], acute decrease of red 
cell metabolism [14], increased frontal and central alpha ac- 
tivity in the electroencephalograph [3] and acute decline of 
adrenocortical activity [13]; blood pressure and body tem- 
perature do not change acutely [25]. 

While it has been suggested that the decline of metabolic 
rate in this rest state is due to muscle relaxation [10]; and 
while a previous study in this laboratory indicated the 
possibility of substantially increased muscle blood flow [16], 
direct measurement of metabolic and circulatory activity of 





muscle do not exist. The goal of this research was to deter- 
mine possible muscle and/or skin contribution to previously 
observed alterations of total metabolic rate and blood flow. 
Additionally, it was desired to study the possible contribu- 
tion of sleep to the physiologic effects of TM, a contribu- 
tion hypothesized by some investigators [10,20] to explain its 
effects. 


METHOD 


Arteriovenous difference of oxygen and lactate content, 
and relative change of pulsatile blood flow, were monitored 
in 42 normal, lean, young adults (14 women, 28 men, ages 
25-35) who were long-term practitioners of TM (that is, 4-5 
years of regular elicitation for 30-40 minute periods twice 
daily). Informed written consent was obtained. 

As far as possible, subjects were studied at the same time 
between 10:30 and 12:00 a.m., while comfortably seated in a 
dimly lit room. To minimize the effect of testing and interac- 
tion of testing with practice, an experimental design similar 
to that recommended by Campbell and Stanley [7] was used, 
in which no pretest is employed. Subjects were studied on 
two occasions, approximately one week apart, each subject 
serving as his or her own control. On one occasion (treat- 
ment), subjects were asked to close their eyes and practice 
TM for 45 minutes followed by an eyes open recovery period 
of 30 minutes. On the other hand (control) occasion, subjects 
were asked to read a ‘‘relaxing’’ work of their own choice for 
45 minutes followed by a recovery period of 30 minutes 
without reading. Reading material was supported on a music 
stand placed in front of the subject in such position as to 
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FIG. 1. Typical average electrical impedance change between two 
electrodes placed on the forearm corresponding to one complete 
cardiac cycle. 


enable easy turning of pages by one hand. This eyes open 
control period was chosen in preference to a non-active eyes 
closed control period because of subjective reports of expe- 
rience of the TM state upon simply closing the eyes by the 
experienced meditator. (Also, characteristic EEG and EMG 
changes occur during an eyes closed period of the TM sub- 
ject [3].) The sequence of treatment and reading periods was 
randomized; in this design, significant departure from con- 
stancy of physiologic values during treatment and post- 
treatment recovery periods was measured and contrasted 
with the trends during the parallel reading and post-reading 
occasion. All subjects were told that it was acceptable to 
sleep during the practice period if that was their tendency. 

After catheters were inserted into a brachial artery and a 
large antecubital vein from which blood could be drawn eas- 
ily without use of a tourniquet, measurements were begun 
after 2 hours to allow physiologic changes associated with 
venipuncture [22] to abate. Subjects were comfortably 
situated within the laboratory in an enclosed area of dimen- 
sions, 6x68 ft. During this time, extension lines for blood 
drawing outside the area and leads for monitoring elec- 
trophysiological parameters were attached. For monitoring 
of sleep during the TM practice period, a unipolar electroen- 
cephalogram (EEG), electrooculogram (EOG), and elec- 
tromyogram (EMG) was monitored and scored according to 
standard methods [21]. A 7 ml sample of arterial and a 7 ml 
sample of venous blood were taken every 15 minutes 
throughout the practice and post-practice periods (at times 0, 
15, 30, 45, 60, and 75 minutes) for determination of blood 
gases and lactate. Arterial and venous gases (pH, PO, 
PCO.) were measured with a Radiometer ABL | Blood Gas 
Laboratory (Radiometer Corporation, Copenhagen, Den- 
mark); oxygen saturation was calculated from measured 
PO., PCO,, and pH by the device. Lactate was determined 
by a Technicon Autoanalyzer procedure [12] (Technicon In- 
strument Corporation, Tarrytown, NY). Oxygen content 
was assumed to be equal to a physically dissolved compo- 
nent (0.003 PaO, ml/dl/blood) plus the product of measured 
hemoglobin concentration and calculated oxygen saturation 
(1.34 x hemoglobin x fractional saturation). As a check on 
the possibility of shift in the oxygen-hemoglobin saturation 
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FIG. 2. Mean percent change (+SE) of relative oxygen consumption 
(...) (Equation 4) and of oxygen content difference (—) during and 
after TM (C2); or reading control (@). 


curve, which would render calculated saturations erroneous, 
oxygen saturation was also measured directly in 5 subjects 
(American Optical Company, Oximeter II, Buffalo, NY) and 
compared with calculated values. 

We chose quadripolar impedance plethysmography for 
measurement of relative change of limb blood flow [6, 9, 17, 
18], utilizing a Minnesota Impedance Coroiograph (Zoecon, 
Model 304, Minneapolis, Minnesota). The forearm was 
placed at heart level and subjects were asked to move this 
arm minimally during the experiment. In this blood flow 
measurement technique, each pulse of blood causes a change 
in the electrical impedance of the limb to a constant 100 kHz 
current input. Using the R wave of the electrocardiogram as 
a trigger for digitizing and storage of each of these electrical 
impedance pulses, an average impedance waveform was cal- 
culated for each five minute interval of the experiment (see 
Fig. 1). Digitizing and subsequent data management were 
accomplished on a PDP 11/34 computer system (Digital 
Equipment Corporation, Maynard, MA). 

For each average waveform (corresponding to a complete 
cardiac cycle), the amplitude of the electrical impedance 
change (AZ) was computed (Fig. 1). Based upon a model of 
the limb as a homogeneous electrical conductor, a change in 
volume (AV) of the forearm due to each arterial blood pulse 
is directly proportional to the accompanying change in elec- 
trical impedance (AZ). Pulsatile blood flow (PBF) is the pro- 
portional to heart rate (HR) and AV; i.e., PBF=kx HR x AZ 
[9,18], where k is a function of electrode separation, total 
electrical impedance; and conductivity of blood. Therefore, 
if k does not change over a short period of time, the relative 
pulsatile blood flow between two times can be calculated 
from: 

(1) om, = 
PBF, 

or percent change of relative forearm pulsatile blood flow 

from 


HR,AZ, 
HR'AZ, 
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FIG. 3. Results of impedance determination of blood flow: percent 
change (+SE) of relative forearm pulsatile blood flow during and 
after TM (0); of reading control (@). Percent change was calculated 
from equation 2 of the text. 
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Equation 2 was utilized to calculate change of pulsatile blood 
flow from initial value (Fig. 3), where AZ, was the amplitude 
of the average impedance pulse measured at each 5 minute 
interval beginning at time 0 minutes and AZ, was the ampli- 
tude of the average pulse for the first 5 minute interval. 

An alternative method for calculating limb blood flow 
change [6] based upon the impedance curve was also 
utilized. This method employs the descending slope in late 
diastole (from 0.4 to 0.9 seconds); see Fig. 1); the slope 
values replace the AZ terms in equations | and 2. 

Using the Fick principle [11], relative forearm oxygen 
consumption can be calculated from: 


(3) (VO,) = (C40, — CyO,) x PBF 


or percent change of relative forearm oxygen consumption 
between two times from, 


( (C,0. Sais C\O.). x PBF, 


(4) (C0, — C.0,), x PBF, ~ 





1) x 100 


Equation 4 was utilized to calculate percent change of oxy- 
gen consumption from initial value (Figs. 2 and 3), where 
(C,0,.—C,O,). was arteriovenous difference of oxygen con- 
tent measured at 0, 15, 30, 45, 60, and 75 minutes and 
(C,0,—C,O,), was that measured at 0 minutes, while 
PBF./PBF, was evaluted from equation | at these same 
times. Equation 4 was also employed to calculate percent 
change of forearm lactate generation rate (Tables | and 2) by 
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FIG. 4. Relationship between maximum magnitude of forearm oxy- 
gen consumption change and sleep percentage of total practice time. 
y=—0.03x—17.7. Correlation coefficient=0.012. 


substitution of arteriovenous differences of lactate content 
for the oxygen content difference terms. 

For analysis of change of relative forearm arteriovenous 
oxygen content difference, oxygen consumption, lactate 
production, and of relative blood flow, curvilinear regression 
analysis of variation over time with test of significance of the 
coefficients was used in statistical treatment of the data [24]. 
Comparison of trends between practice and control occa- 
sions was accomplished by analysis of variance with time 
and treatment as classification variables. 


RESULTS 


Tables 1 and 2 show mean values of oxygen tension, sat- 
uration, lactate, and percent change from initial value of lac- 
tate generation during the experiment. The major change 
noted is increase of venous oxygen tension and saturation 
during TM (Table 2). Also noted were significant decreases 
of arterial and venous lactate concentrations as have been 
reported previously [16,25]. Figure 2 shows percent change 
of forearm oxygen consumption, and of arteriovenous O, 
content difference from first determination (time 0 minutes); 
initial mean value (+SE) of arteriovenous difference of oxy- 
gen content was 6.86+0.81 mi/dl blood at time 0 minutes of 
the practice occasion. Relative forearm oxygen consumption 
declined rapidly during TM (28%) followed by recovery af- 
terward; the trend during TM differed significantly from the 
trend during control, which was not associated with signifi- 
cant change. The trend of relative change of forearm O, con- 
sumption (equation 4) closely paralleled the trends of ar- 
teriovenous O, difference. The mean difference (+SE) be- 
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TABLE 1 


MEAN VALUES, ARTERIAL AND PERIPHERAL VENOUS OXYGEN TENSION AND 
SATURATION, LACTATE CONTENT, AND PERCENT CHANGE FROM INITIAL VALUE OF 
LACTATE GENERATION DURING AND AFTER READING CONTROL IN 42 SUBJECTS 





Time (Min) 0 15 30 45 60 





Control 


P,O, (mm Hg) 104.4 


1 , 


S,02 (%) 96.9 
0.1 


lactate, (mg%) . 5.4 
0.9 


P.O, (mm Hg) } 42.6 
1.8 
SO, (%) 72.8 
1.9 


lactate, (mg%) 7.8 
0.5 


ow’ 


ccon 


Lactate 
generation 1.4 


os 
$x 


change (%) 1.6 





tween measured and calculated arterial and venous satura- 
tion values was 0.5+0.6% for the 5 subjects studied, with a 
correlation coefficient of 0.996. 

Figure 3 shows percent change of impedance determina- 


tion of relative limb blood flow calculated from equation 2 
utilizing mean pulse amplitude. A small increase of flow dur- 
ing TM was noted, but this trend was not significantly differ- 
ent from the trend of blood flow change during the reading 
control occasion, which was not, itself, associated with sig- 
nificant change. There was no significant difference between 
this result and limb blood flow calculation based upon utili- 
zation of descending slope value in equation 2. 

No significant change occurred in lactate generation dur- 
ing TM (Table 1). On the average, 85% of the TM practice 
period was spent in wakefulness with the remainder consist- 
ing of stage 1 sleep. Standard analysis showed no correlation 
between forearm oxygen consumption change and percent of 
total sleep time (see Fig. 4). A microsegment sleep analysis 
(5 minute intervals) in 7 subjects also showed no relationship 
between sleep and change of forearm respiration. 


DISCUSSION 


In this study we have found that the hypometabolic state 
associated with the stylized practice of TM is accompanied 
by marked decrease of forearm oxygen consumption and no 
significant change of glycolytic metabolism as manifested by 
lactate uptake/release. Since forearm blood flow changed 
minimally, the observed decline of oxygen consumption was 
due almost entirely to decreased rate of tissue oxygen ex- 
traction. The initial mean value of arteriovenous oxygen 
difference for TM, 6.86 ml/dl, is within the range of previ- 
ously reported values (4.95—7.32 ml/dl) attributed to oxygen 
extraction by resting forelimb muscle [1,5]. A limitation of 
the accuracy of pulsatile blood flow change as measure of 
change of total limb blood flow is the possible existence of a 


significant steady state component of flow into the limb. 
However, in normal individuals under resting conditions 
such as exist in this experiment, and with the limb at heart 
level, a linear relationship exists between pulsatile and total 
limb blood flow [8]; and high correlation between pulsatile 
electrical impedance blood flow determination and direct 
measurement of total flow by electromagnetic flow meter has 
been demonstrated [9]. 

This study suggests that very little of the previously ob- 
served [16] increase of non-renal, non-hepatic blood flow 
change during TM can be accounted for by change of muscle 
and/or skin blood flow and is therefore consistent with pre- 
liminary indication of TM-induced, increased cerebral blood 
flow [15]. This conclusion assumes that forearm blood flow 
changes are representative of skin and skeletal muscle blood 
flow changes in other parts of the body, an assumption which 
is supported by comparisons between blood flow changes in 
arms and calf [4,26] and comparison of systemic and forearm 
circulatory changes [2]. 

The lack of significant contribution by decreased muscle 
lactate generation to the decline of whole blood lactate con- 
tent during TM (Table 2; [16,25]) supports the hypothesis 
that decreased red blood cell glycolysis—noted in a related 
study [14]—is responsible for the decrease of blood lactate. 
In this related study [14], red blood cells separated from 
blood samples drawn during the TM practice period were 
found to have a markedly lower glycolytic rate than red 
blood cells separated from blood samples drawn at the be- 
ginning of the practice period. Since red blood cell glycolysis 
contributes a major portion to the total lactate content of 
blood, it was therefore surmised that this decline of erythro- 
cyte glycolysis may be responsible for decline of whole 
blood lactate concentration. 

The present study does not establish the mechanism by 
which decreased forelimb oxygen extraction occurs. Elec- 
tromyographic evidence, however, indicates decreased 
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TABLE 2 


MEAN VALUES, ARTERIAL AND PERIPHERAL VENOUS OXYGEN TENSION AND 
SATURATION, LACTATE CONTENT, AND PERCENT CHANGE FROM INITIAL VALUE OF 
LACTATE GENERATION DURING AND AFTER TM IN 42 SUBJECTS 
(SAME SUBJECTS AS TABLE 1) 





Time (Min) 





P.O, (mm Hg) 
S,0. (%) 


*lactate, (mg%) 


P.O, (mm Hg) 
*S.O, 


*lactate, (mg%) 


lactate 
generation 
change (%) 





*Significant trends. 


muscle tone during TM [3], which supports contribution of 
decreased muscle metabolism in the decline of limb metabo- 
lism. Another possibility is redistribution of forearm blood 


flow to the less metabolically active skin component of 
forearm tissue. However, estimates of forearm skin blood 
flow under room temperature conditions, such as apply here, 
indicate that the skin accounts for only about 15% of forearm 
blood flow at rest, and has about 19% of the metabolic rate of 
muscle [1,5]. Therefore, a very large percentage increase of 
skin blood flow would be required to account for the ob- 
served decline of oxygen extraction. Normally skin flow is 
under sympathetic vasoconstrictor control and forearm skin 
blood flow is little increased by local sympathectomy [23]; 
hence, a large increase of forearm skin blood flow due to a 
behavioral intervention seems unlikely. Therefore, muscle 
metabolism apparently declines despite little change in mus- 
cle blood flow. 

The observed decrease of arteriovenous oxygen differ- 
ence and, therefore of oxygen consumption (equation 3), 
might also only be apparent—due to possible shift of the 
oxygen-hemoglobin saturation curve to the right so that oxy- 
gen was released with greater ease. However, such distur- 
bance of normal PO,-saturation relationship seems unlikely, 
because measured and calculated values of arterial and ven- 
ous saturation and content were almost identical. 

Assuming that skeletal muscle accounts for about 20% of 


total resting oxygen consumption [11], and that 90% of 
forearm metabolism is due to muscle [1,5], the 28% decline 
of forearm oxygen consumption (Fig. 2) implies that approx- 
imately 40% of the average 13% decline of total oxygen con- 
sumption [25] is due to reduction of muscle metabolism. This 
study therefore is consistent with the hypothesis of a princi- 
pal contribution of muscle relaxation to decline of overall 
metabolic rate [10]. The study does not, however, support 
the hypothesis [10,20] of a significant role for sleep in the 
metabolic decline. 

Of considerable interest is the clear dissociation of limb 
blood flow and metabolic changes (Figs. 2 and 3). These 
data, and the previously observed small increase of cardiac 
output [16] during this state of decreased activation, suggest 
limitation of the hypothesis of obligatory coupling between 
systemic and/or regional cardiovascular and metabolic func- 
tion [19] over the complete range of physiologic activation 
during changes of behavioral origin. 
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GARCIA MEDINA, M. R. AND W. S. CAIN. Bilateral integration in the common chemical sense. PHYSIOL. BEHAV. 
29(2) 349-353, 1982.—Human participants judged the pungency of various concentrations of carbon dioxide presented to 
one nostril, the other nostril, or both (dichorhinic stimulation). Perceived magnitude grew sharply with concentration over 
the range explored. The combinatorial rule of bilateral integration followed the Pythagorean theorem: the effective mass in 
a bilateral stimulus equalled the square root of the sum of squares of the mass entering each nostril. This simple rule implies 
a possible mutual inhibitory interaction between the two nostrils, but it also implies partial spatial summation of the sensory 
impact of bilaterally presented concentrations. When persons inhale a relatively strong irritant, such as the higher concen- 
trations used here, they will exhibit a very brief reflex interruption of inhalation. An experiment on the threshold for the 
reflex implied that it too followed the Pythagorean rule of integration. This occurred for both males and females, though 
females displayed a lower threshold for the reflex, whether evoked unilaterally or bilaterally. This reflex may hold promise 
as an objective indicator of functional status of the nasal common chemical sense. 


Human studies Nasal common chemical sense 
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THE world viewed with two eyes seems at most only slightly 
brighter than the world viewed with only one eye [4,26]. The 
world heard with two ears, however, sounds generally about 
twice as loud as that heard with one [20,25]. Bilateral inte- 
gration in olfaction falls between the functional extremes 
represented by vision and hearing [8]. Concentrations of the 
odorant n-butyl alcohol inhaled dirhinically (same concen- 
tration into each nostril) appeared about one-third stronger 
than when inhaled monorhinically [8]. Concentrations in- 
haled dichorhinically (different concentration into each nos- 
tril) followed a rule of vector addition of stimulus mass and, 
like the dirhinic case, implied generous bilateral integration. 

The skin senses also display bilateral integration. Indeed, 
the rich integration of warmth obtained with variation in un- 
ilateral spatial extent shows little or no regard for the midline 
of the body [21,22]. Warmth even shows some integration 
across the two hands [17]. Cold, which exhibits rich unilat- 
eral integration by different rules than warmth [27], shows 
virtually perfect bilateral integration of corresponding areas 
on the forearms [24]. Similarly, bilateral vibrotactile stimuli 
have a net impact describable in terms of simple integration 
of energy [12,13]. Of the various skin senses, only thermally 
induced pain seems to offer only minimal areal integration 
[16,19] at least in the laboratory. Nevertheless, the clinical 
and observational literature on pain makes frequent refer- 





Carbon dioxide 
Dichorinic stimulation 


Bilateral integration 


ence to the importance and prevalance of spatial integration 
in this modality [23]. 

The common chemical sense, though responsive to chem- 
ical stimuli, is in a fundamental respect a skin sense. The 
qualities evoked by chemical stimulation of the free nerve 
endings that comprise the distal afferents of this modality 
can have as much a tactile or thermal perceptual quality as a 
chemical quality [9]. Hence, the bubbles of carbon dioxide in 
champagne or soda feel like pinpricks in the mouth and in the 
nose. The coolness of methol seems basically the same, ex- 
cept for its accompanying odor, as that of cool air. 

When inhaled in a normal fashion in gas-phase concen- 
trations above 10%, carbon dioxide evokes pungency with 
virtually no accompanying odor [11]. In this respect, carbon 
dioxide behaves more like a pure common chemical stimulus 
than do such other pungent materials as ammonia, acetic 
acid, ozone, and sulfur dioxide. Furthermore, carbon di- 
oxide has virtually no deleterious effects when inhaled even 
at very high concentrations for only a single breath. We 
therefore chose it to explore the question of bilateral inte- 
gration in the nasal common chemical sense. Participants 
inhaled various combinations of concentrations presented to 
the right and left nostrils and judged the resulting pungency. 
The outcome of that experiment led to a prediction regarding 
bilateral integration of a reflex change in breathing that may 


‘Supported by Grant ES00592 from the National Institutes of Health. Performed while M. R. G. M. was visiting the John B. Pierce 
Foundation Laboratory from the Laboratorio de Investigaciones Sensoriales, Buenos Aires, and was supported by a fellowship from the 
Consejo Nacional de Investigaciones Cientificas y Técnicas, Republica Argentina. 

Send reprint requests to Dr. William S. Cain, John B. Pierce Foundation, Yale University, 290 Congress Avenue, New Haven, CT 06519. 


Copyright © 1982 Pergamon Press—003 1-9384/82/080349-05$03.00/0 





350 


accompany inhalation of an irritant. The prediction proved 
quite accurate and thereby seems to offer objective support 
for the results obtained from psychophysical scaling. 


EXPERIMENT 1: BILATERAL INTEGRATION OF 
PERCEIVED MAGNITUDE 


METHOD 


Participants 


Eight men and seven women participated. They ranged 
from 21 to 40 years of age. 


Apparatus 


The stimulus comprised compressed, high-purity carbon 
dioxide (Aquarator grade, MG Scientific Gases) diluted as 
needed with compressed breathing air in two functionally 
identical channels of a standard air-dilution olfactometer [7]. 
Each channel fed a 500 ml vinyl bag attached to the end of a 
1-m length of 6-mm o.d. teflon tubing. An adjustable poly- 
ethylene valve at the end of the bag served as a nosepiece. It 
fit snugly into the rim of the nares. The entire assembly was 
quite light and flexible. A participant could put it into place 
or remove it in an instant. 

A desired concentration flowed into and out of the bag at 
about 4 L-min~'. The aperture of the valve was adjusted, 
however, to maintain at least a 300-ml reservoir in the bag. 
This enabled the participant to inhale briskly without running 
short of stimulus. 


Procedure 


In a session of approximately 1-hr duration, a participant 
judged the perceived intensity of 24 left-right and 24 right-left 
combinations of five concentrations of carbon dioxide: 55, 
40, 28, 20 and 0%. Of the 25 possible combinations of con- 
centrations, only 0%—0% did not occur. (Ambient air con- 
tains about 0.03% carbon dioxide, a concentration treated as 
0% for present purposes.) 

Upon signal, the participant brought the nosepieces to the 
nostrils, inhaled for 3 sec (set by a metronome), and then 
judged intensity numerically using the method of magnitude 
estimation without a prescribed modulus [10,28]. That is, the 
participant assigned numbers proportional to sensory mag- 
nitude. Hence, if perceived pungency seemed three times as 
strong on one trial as on another, it received a numerical 
judgment three times as large. If pungency seemed half as 
strong, it received a judgment half as large. And so on. The 
participant chose the first number (modulus) of the session. 
One participant might choose 10, another 5, etc. The first 
three trials were treated as practice and the numerical esti- 
mates discarded. 

Each participant served in five sessions, identical except 
for order of stimulus presentation. Arithmetic means com- 
puted across a participant’s five sessions and geometric 
means computed across the group of participants formed the 
results of interest. As one further step, however, corre- 
sponding left-right and right-left pairs were averaged 
arithmetically. Each point in the functions shown below ac- 
cordingly represents 300 estimates. 


RESULTS 


Figure | depicts how perceived magnitude increased with 
concentration presented to one nostril for various fixed 
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FIG. 1. Family of functions that show the perceived magnitude 
(pungency) of various combinations of concentrations of carbon 
dioxide presented to the two nostrils. The lowest function in the 
family depicts the pungency aroused when one nostril received var- 
ious concentrations (20-55%) and the contralateral nostril received 
just air (~0% carbon dioxide). The next higher function depicts 
pungency aroused when one nostril received various concentrations 
and the contralateral nostril received 20% carbon dioxide. And so 
on. Hence, the parameter listed indicates fixed concentrations in 
one nostril. The dashed line depicts the case where both nostrils 
received the same concentrations (20%-20%, 28%-28%, etc.). 


levels presented to the opposite nostril. The lowest function 
in the family represents various concentrations (20-55%) 
presented to one nostril and 0% (just air) presented to the 
other nostril. The highest function similarly represents var- 
ious concentrations (20-55%) presented to one nostril and 
55% presented to the other nostril. Points plotted on the 
ordinate, like those of the lowest function, also represent 
carbon dioxide presented to one nostril and just air presented 
to the other nostril. 

The function for carbon dioxide alone (i.e., air in opposite 
nostril) rose sharply with concentration. A two-fold change 
in concentration led to almost a three-fold change in per- 
ceived magnitude. The function obtained in the case where 
both nostrils received the same concentration grew in a very 
similar fashion. In the log-log coordinates of Fig. 1, the func- 
tion lies approximately a constant distance above the func- 
tion for stimulation of just one nostril. This implies that equal 
stimulation of both nostrils caused a fixed percentage incre- 
ment in perceived magnitude, about 45%, over stimulation of 
one nostril. The parallel course of the two functions also 
implies that the concentration necessary to produce any cri- 
terion perceived magnitude with stimulation of two nostrils 
falls a fixed percentage below the concentration needed to 
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FIG. 2. Trading relations that depict various bilateral combinations 
of concentrations that led to equal perceived magnitude at five 
levels. 








produce that magnitude with stimulation of one nostril, in 
this case about 30% below. Hence, the nasal common chem- 
ical sense appears to show reasonably generous bilateral 
integration. In this general respect, the common chemical 
sense resembles olfaction. 

Consideration of unequal concentrations presented to the 
two nostrils also implied integration, but not in terms of a 
simple percentage increment in sensation or decrement in 
concentration for a criterion sensory magnitude. For in- 
stance, the added impact of 40% carbon dioxide presented to 
the left nostril depended on whether the right nostril was 
receiving 20%, in which case the added impact was large, or 
55%, in which case the added impact was small. The pattern 
of results did, nevertheless, lend itself to a simple com- 
binatorial rule, the Pythagorean theorem. 

When applied to the mass of stimulus that enters the nos- 
trils during an inhalation of fixed duration, the theorem 
States: 


dir = (bi? + 2)" (1) 


where ¢, and @, equal the mass entering the left and right 
nostrils respectively and ¢,, equals the effective mass in the 
bilateral stimulus. Although mass (amount of stimulus that 
enters the nostrils during an inhalation) and concentration 
(mass per unit volume of air) are proportionally related for a 
fixed inhalation, mass is the appropriate quantity to use in 
Eq. 1. Masses are additive whereas concentrations are not. 
To illustrate, one concentration added to another yields the 
average of the two rather than the sum. 

In order to permit visualization of how well the com- 
binatorial rule applied to cases of unequal stimulation of the 
two nostrils, Fig. 2 depicts trading relations between the 
nostrils, i.e., various combinations of concentrations in the 
two nostrils that would maintain perceived magnitude con- 
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stant at five different levels ranging from weak to strong. 
These contours came from horizontal cuts through the family 
of functions in Fig. 1. The trading relations form circular 
contours when they conform, as do the present ones, to the 
Pythagorean theorem. In the simplest case of equal stimula- 
tion of the two nostrils, the bilateral concentration necessary 
to evoke a criterion response equals only 0.71 times that of 
the unilateral concentration. 


EXPERIMENT 2: BILATERAL INTEGRATION IN AN 
AIRWAY REFLEX 


Inhalation of an irritant can trigger off a reflex interrup- 
tion of inhalation [1,2]. This reflex transitory apnea, which 
occurs with a latency of a few hundred milliseconds, has 
received relatively little attention and neither the exact affer- 
ent nor efferent pathways for it are known with certainty. 
Virtually every person has experienced it during vigorous 
inhalation of ammonia or vinegar. Inhalation of smelling salts 
(ammonium salts) will invariably produce the reflex as part 
of a general pattern of stimulus-induced arousal. 

Kratschmer [18] claimed that the transitory apnea arose 
from stimulation of trigeminal fibers in the posterior portion 
of the septum and reflected closure of the larynx. We can 
neither prove nor disprove this account in the present in- 
stance, but we can inquire whether sensitivity to it follows 
the same combinatorial rule as bilateral integration of the 
sensory response. If so, then the concentration necessary to 
produce the reflex bilaterally (with equal stimulation of the 
nostrils) should equal 0.71 times the concentration necessary 
to produce it unilaterally. 


METHOD 
Participants 


Nine men and ten women participated. They ranged from 
18 to 55 years of age. 


Apparatus 


In addition to the olfactometer described in the first ex- 
periment, apparatus used in the present experiment included 
a 7/32 gauge Cu-Constantan thermocouple and a Grass poly- 
graph with a 7P3 d.c. preamplifier. The polygraph monitored 
the temperature of the tip of the thermocouple mounted in a 
compliant plastic sleeve placed inside the rim of one nostril. 
The reference tip of the thermocouple was placed in an ice- 
water filled vacuum bottle. The thermocouple served to 
monitor the participant's breathing by means of temperature 
changes; an inhalation decreased temperature whereas an 
exhalation increased it. A metronome set at 60 beats per min 
allowed the participant to pace breathing at 3 sec for an 
inhalation and 3 sec for an exhalation. The smooth oscilla- 
tion seen when persons breathed just air or low-to-moderate 
levels of irritant (carbon dioxide) became disrupted when the 
irritant reached a high enough level to trigger the reflex. The 
prototypical alteration seen at the threshold of the reflex 
resembled an M rather than a f}. In such records, where 
inhalation registered itself as an upward excursion, the 
notched portion of the M represented an instantaneous inter- 
ruption. At suprathreshold levels, the M often becomes 
transformed into a A, i.e., a foreshortened M. In some in- 
stances, participants produced enough noise in their normal 
records to obscure the threshold point. In such cases, how- 
ever, the participant could readily report the occurrence of 
the reflex. Like many other motor reflexes, its occurrence 





TABLE 1 


THRESHOLD CONCENTRATIONS (% CO,) FOR REFLEX 
INTERRUPTION OF INHALATION* 





Males All 
(n=9) Participants 


Females 
(n=10) 





48.1 + 3.5 63.8 ‘ 55.6 
352128 45.8 » 40.4 


Unilateral 
Bilateral 





*Entries are means + standard error. 


leaves little doubt on the part of the participant. Sometimes 
we had to rely on such reports. 


Procedure 


Beginning at 10%, concentration was increased to 20%, 
30%, 40%, and so on, until the threshold occurred. At any 
given level, one nostril, the other, and both would be tested 
in a mixed order. After the reflex had occurred in all three 
conditions, concentration was decreased until the reflex dis- 
appeared under all three conditions. The average values ob- 
tained in two such sessions of about 40-min duration com- 
prised the data of interest. 


RESULTS 


As Table 1 reveals, the average bilateral threshold con- 
centration for the reflex equalled 0.73 times the concentra- 
tion of the unilateral threshold, i.e., 40.4% vs 55.6%, 
F(1,16)=58.5, p<0.001. This came very close to the value, 
0.71, obtained in the psychophysical experiment. Both males 
and females yielded approximately the same pattern of inte- 
gration, i.e., the interaction of the variable gender by the 
variable unilateral/bilateral presentation proved nonsignifi- 
cant, F=0.8. For males, the bilateral threshold concentration 
equalled 0.72 of the unilateral concentration and, for 
females, the bilateral threshold concentration equalled 0.74 
of the unilateral threshold. In absolute terms, however, 
males proved less sensitive than females. The average 
threshold of males equalled 1.31 times that of females, 
F(1,17)=4.7, p<0.05. 

The difference between males and females seemed not to 
be caused by age. The average age of females equalled 34 yrs 
and, within that group, the correlation between age and 
threshold (bilateral) equalled only +0.05. The average age of 
males equalled 24 yrs and, within that group, the correlation 
between age and threshold (bilateral) equalled +0.59. This 
positive correlation coefficient approached significance and 
will encourage a closer look at the variable of age in the 
future. In the present case, however, the 10-yr age disparity 
between the groups would, if anything, have militated 
against finding a lower sensitivity (higher threshold) among 
the males. 

Since only two participants, both females, were smokers, 
the variable of smoking also seemed unrelated to the reliably 
lower thresholds among the females. Dunn, Cometto-Muniz, 
and Cain [15] discovered that smoking increases the 
threshold for the reflex. 
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GENERAL DISCUSSION 


The combinatorial rule (Pythagorean theorem) that held 
for irritation resembles rather closely the rule that held for 
bilateral integration of odor intensity for the odorant butyl 
alcohol [8]. In that case, the rule was: 


ir - (d,? + ob, + b)d,)"” (2) 


Equation 2 implied somewhat more generous spatial sum- 
mation in olfaction than in the common chemical sense. 
Nevertheless, the results in both modalities might depend on 
the particular stimulus used. For example, some odorants 
grow in perceived intensity more rapidly than others with 
changes in concentration [5,10]. Furthermore, many odor- 
ants appeal to both olfaction and the common chemical 
sense, though to different degrees [6,14]. 

In view of the excellent descriptive ability of a vector 
addition rule in both olfaction and the common chemical 
sense, any variation in the exact rule from one stimulus to 
another may possibly reflect itself merely in the parameter K 
of the general equation: 


dy, = (b,? + b,? + 2 K bd,)"”. (3) 


In the case of butyl alcohol (odorant), K equalled 0.5, and in 
the case of carbon dioxide (irritant), K equalled 0. 

The presence of only imperfect spatial summation in both 
olfaction and the common chemical sense suggests some 
antagonistic interaction between the two sides of the mid- 
line. That is, a strong stimulus on one side seems to make a 
disproportionate contribution to total magnitude and hence 
to inhibit or mask the perceived magnitude of a stimulus on 
the other side. Though only implicit in the present data, such 
inhibition has revealed itself in olfactory experiments where 
participants have inhaled an odorant of one quality through 
one nostril and an odorant of another quality through the 
other nostril [7]. The weaker odorant was diminished in per- 
ceived magnitude under such circumstances. The greater the 
imbalance between the nostrils, the greater was the reduc- 
tion of the weaker odor. This kind of inhibitory interaction 
even occurs across the olfactory and common chemical mo- 
dalities [11]. An irritant inhaled through one nostril will in- 
hibit the perceived intensity of an odorant inhaled through 
the other nostril and vice versa, but the effect shows asym- 
metry. In an experiment with the benign odorant amy] buty- 
rate and the irritant carbon dioxide, the irritant displayed a 
much stronger suppressive influence than the odorant. This 
outcome falls in register with the finding that the constant K 
in Eq. 3 was lower for irritation than for odor. 

An intriguing issue in the present study concerns the 
lower threshold for the reflex among females. Dunn, 
Cometto-Muniz and Cain [15] have also found it and have 
extended it to male and female smokers. Smokers of both 
genders gave elevated thresholds relative to sex-matched 
controls, but yet differed from one another to the same de- 
gree as nonsmokers. A question of interest concerns whether 
these group differences in the sensitivity to the reflex repre- 
sent differences in the magnitude of the sensation experi- 
enced, rather than differences in the efferent side of the re- 
flex loop. Differences in magnitude of sensory experience 
would imply that peripheral, even pre-neural factors, such as 
mucus thickness and ciliary motility, might govern the dis- 
parity [3]. 
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GRAY, L., J. C. STEVENS AND L. E. MARKS. Thermal stimulus thresholds: Sources of variability. PHYSIOL. 
BEHAV. 292) 355-360, 1982.—Thresholds to warming and cooling by a small Peltier stimulator were measured and 
remeasured in 24 adults and children aged 7-9. The median thresholds to warming and cooling of the forearm were + 1.04 
and —.15°C, respectively, and neither age nor sex mattered significantly. The test-retest correlation was significant, 
suggesting intra-subject reliability, despite a large range of thresholds across subjects—about an order of magnitude. 
Measurements of skin temperature revealed that the same stimulus can cause a greater degree of warming or cooling in one 
subject than another. These differences proved reliable on retesting. Surprisingly, however, there was no correlation 
between this physical variation among people and the size of their psychophysical thresholds. Some compensatory mech- 
anism is suggested by these data; the implication is that people who are less responsively physically may be more sensitive 


neurally and vice versa. 


Threshold Temperature Psychophysics 





THIS study describes several sources of variability in ther- 
mal thresholds. A relatively large number of children and 
adults were tested for thresholds to warming and cooling. 
Thus, the effects of age and sex, as well as inter- and intra- 
subject variability in thermal thresholds, can be estimated. 
Secondarily, an attempt was made to estimate the amount of 
temperature change evoked in the subjects’ skins by the 
warming and cooling stimuli. Thus, the amount of variability 
in the psychophysical thresholds that is explained by differ- 
ences in the skin’s physical responses can be estimated. 

Forced-choice staircases [20] were used to estimate 
thresholds to warming and cooling pulses in 13 adults and 11 
children. This sample of thresholds from untrained subjects 
using a criterion-controlled procedure enables an estimate of 
the factors that contribute to naturally occurring variability 
in thermal thresholds. 

Multiple measurements of the temperature changes were 
recorded from two thermocouples: one on the stimulator, 
which defined the stimulus; and one closer to the subject's 
skin, which may measure a peripheral response. The rela- 
tionship between these temperature changes raises several 
questions regarding the nature of responses to thermal stim- 
uli. Finally we attempt to relate the psychophysically meas- 
ured thresholds to the physically measured responses of the 
subjects’ skins. 


METHOD 


Apparatus 


Peltier stimulator. We used the technology of Kenshalo 
[3,7] to deliver both warming and cooling pulses to the skin. 





The stimulator operates on the Peltier principle. When direct 
current is passed across the junction of two metals, one sur- 
face warms while the other cools. When the direction of 
current is reversed, the surfaces that warm and cool are 
reversed. The stimulating surface, a total of 3.6 cm*, was 
composed of 18 Peltier junctions, each 6.7 by 3.0 mm. One 
side of the stimulator contacted the skin and provided the 
stimulus for these experiments; water circulated around the 
other side of the device to provide a sink for the opposite and 
nearly equal temperature change. 

First thermocouple. The temperature at the surface of the 
stimulator was monitored by a copper-constantan ther- 
mocouple soldered to one of the junctions. Feedback cir- 
cuitry allowed control of the baseline (adapting) temperature 
and the amount, duration, and direction of temperature 
changes from the baseline. 

Baseline temperature. In order for our Peltier device to 
deliver precisely calibrated stimuli, the baseline tempera- 
tures had to be slightly cooler for cooling pulses and slightly 
warmer for warming pulses. Accordingly, the baseline tem- 
peratures were set to 31.5°C in tests of cooling thresholds 
and to 34°C for warming thresholds. Although this necessary 
change in baseline temperatures detracts from an otherwise 
symmetrical design, previous research indicates that the 
difference was unlikely to matter. Both cooling and warming 
thresholds from these baselines (31.5 and 34°C, respectively) 
are close to being asymptotically small [4, 5, 10], and these 
two baselines are close enough to normal skin temperatures 
that subjects can adapt to them within five minutes [11]. 

Stimuli. Changes in temperature from baseline were 
produced by one-second pulses of current of various 
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amounts in either direction. The rate of change increased 
with the amount of change, from 0.3°C/sec to slightly over 
1°C/sec. Sensitivity to warming and cooling does not, how- 
ever, vary as a result of different rates of temperature change 
over this range [9,14]. The functions showing temperature 
change over time resembled slightly skewed triangles. Ac- 
cordingly, the difference between baseline temperature and 
the peak temperature change was used as the measure of the 
stimulus. Stimuli were calibrated every 0.05°C in 15 steps: 
from —0.15 to —0.85°C, below the baseline temperature of 
31.5°C for cooling; and in 20 steps from +.2 to +1.15°C 
above the baseline temperature for warming. 

Extra thermocouple. In order to provide another estimate 
of the thermal stimulus, a second thermocouple was placed 
between a thin plastic film (explained below) and the sub- 
ject’s arm in the center of the stimulating surface. It seems 
likely that this extra thermocouple responded primarily to 
changes in temperature at the surface of the skin, since the 
skin’s surface nearly surrounded the sensor. It also seems 
likely that the first thermocouple, the sensor soldered to the 
stimulator, responded primarily to the temperature of the 
stimulator, since solder has a high coefficient of heat trans- 
fer. Differences in the readings of the two thermocouples 
would then be an unknown fraction of the difference be- 
tween the temperatures of the stimulator and the subject's 
skin. 

The two thermocouples were separated by 0.08 mm 
across a mylar film. This film had no significant effect on the 
intensity of the stimulus. Thirty-two calibrations were done, 
eight times each with four subjects: with and without the 
plastic film, to all the warming and cooling stimuli, and then 
repeated. The responses of the second thermocouple were 
no different with the film over the stimulator than without 
the film, F(1,269)=3.2, p>0.075. Further evidence for the 
small effect of the mylar film was provided by pilot data that 
revealed no noticeable effect of the plastic film on 
thresholds. The thin plastic insured electrical insulation be- 
tween the two thermocouples and eliminated fluctuations in 
the feedback circuitry that had been occasionally observed 
in a few subjects. 


Subjects 


The subjects were 13 adults, aged 19 to 55, and 11 chil- 
dren, aged 7-9. None had previously been in psychophysical 
experiments involving temperature. Subjects and accom- 
panying parents were paid. For correct responses, subjects 
received small tokens that were redeemable for books at a 
local store. These prizes were provided in an attempt to 
maintain the children’s attention throughout the relatively 
long tests. 


Procedure 


General. Subjects were tested twice on different days. 
Sessions lasted an hour and consisted of estimating a warm- 
ing and a cooling threshold (in random order), with a 10 
minute break in the middle of the session. Subjects placed 
their left volar forearm on the 3.6 cm? stimulator. They 
adapted to the baseline temperatures (31.5 or 34°C) for five 
minutes before the tests. At the end of this period of adapta- 
tion and again after each staircase the changes in tempera- 
ture at the skin’s surface were assessed over the range of 
stimuli. 

Threshold Estimates. Forced-choice staircases [1,20] 
were used to estimate thresholds of warming and cooling. 
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Two trials were presented sequentially; lights signaled the 
trials, thus avoiding any verbal cues from the experimenter. 
One trial was real, the other feigned. After the second trial 
the subject had to state which trial was the real one, and to 
guess when unsure. Feedback was given immediately along 
with the tokens for correct responses. 

The staircases were started at points estimated to be near 
the thresholds from pilot data: —0.4°C for cooling and 
+0.7C for warming. Two consecutive correct choices were 
required before the absolute value of the stimulus was de- 
creased, and after every incorrect response it was increased. 
Before the second change of direction in the staircase the 
step size (the amount that the change from baseline was 
changed) was +0.1°C; thereafter the step size was reduced to 
+0.05°C. At least 10 sec elapsed between stimuli to allow the 
skin to return to baseline temperature. The staircase was 
continued for 12 changes of direction or 55 trials, whichever 
came first. Threshold was defined as the mean of the levels 
at which the staircase changed direction, not counting the 
first two changes. This criterion-independent algorithm 
should converge on the point along the psychometric func- 
tion where 71% of the trials were correct [20], and it did so; 
73% of trials were correct at the estimated threshold. 

Unfortunately, given the somewhat limited range of 
stimuli that could be reliably calibrated with our Peltier de- 
vice (—0.85 to —0.15 and +0.2 to +1.15), the staircase rule 
often had to be amended. This occurred most frequently 
when more than two responses in a row at —0.15°C were 
correct, or when responses at +1.15°C were wrong. When 
this happened, trials continued at the same stimulus level 
until the subject’s responses caused a change in the direction 
of the staircase toward more moderate stimuli or until 55 
trials had been run. For such ‘‘unorthodox”’ staircases it is 
meaningful to gauge sensitivity in terms of the percentage of 
times the subject was correct at the extreme level, as will be 
elaborated later. 

Physical calibrations. Before and after each staircase, the 
response of the second thermocouple was measured across 
the range of stimuli. Eight calibrated cooling pulses or 10 
calibrated warming pulses were presented one at a time, and 
the response of the extra thermocouple was recorded. As in 
the threshold tests there was sufficient time between pulses 
(~10 sec) for the skin’s temperature to return to baseline. 


RESULTS 
Psychophysical Thresholds 


The median subject could detect a change of +1.04°C and 
—0.15°C. There was, however, considerable variability in 
the threshold estimates; the range was approximately an 
order of magnitude: from 71% correct at +0.26°C to 29% 
correct at +1.15°C for warming, and from 100% correct at 
0.15°C to 50% correct at 0.85°C for cooling. , 

Even though only one third of the staircases were “‘or- 
thodox,”’ that is staying completely within the range of cali- 
brated stimuli, it is possible for non-parametric statistical 
purposes to rank-order the subjects’ sensitivities according 
to three criteria. When the staircase was orthodox, the sen- 
sitivities were simply ranked by the mean of the last 10 turn- 
arounds [20]. Increasing sensitivities below the range of 
calibrated stimuli could be ranked according to the number 
of correct responses to the smallest stimulus (ranked from 
71% to 100% correct at --0.15°C or +0.2°C). Decreasing 
sensitivities above the stimulus ranges were ranked accord- 
ing to the number of correct responses to the largest stimulus 
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FIG. 1. Estimated thresholds of warming and cooling in 13 adults and 11 children. Each 
threshold was measured twice for each subject, shown by connected circles. The vertical 
arrow at the left shows the range of calibrated cooling stimuli; the arrow at the right 
shows the range of calibrated warming stimuli. The thresholds outside these ranges are 
approximations based on an extrapolation explained in the text. 


TABLE 1 


RELATION BETWEEN TEMPERATURE CHANGES OBSERVED AT THE SURFACES 
OF THE STIMULATOR AND OF THE SKIN 





Slope, B 


Intercept, K p 7 N 





0.203 (+0.005) 
0.173 (+0.005) 


Warming 
Cooling 


—0.005 
0.0095 (+0.003) <<10°° 56 624 


(+0.002) <i¢* .70 925 





Changes in temperature of the extra thermocouple at the skin-stimulator inter- 
face are the dependent variable in linear regressions; changes in stimulator tem- 
perature are the independent variable. All subjects are pooled. Standard errors of 


estimates are shown in parentheses. 


(ranked from 71% to 50% correct at —0.85°C or +1.05°C). 
Ordinal scale values of sensitivity thereby achieved were 
subjected to non-parametric statistical testing. 

There were no significant differences between the adults 
and the children, Mann-Whitney U(26,22)=289 for cooling 
and 316 for warming, p>>0.25. There were, additionally, 
no differences between males and females, U(24,24)=334 for 
cooling, p>0.2, and U=370 for warming, p>0.05. Accord- 
ingly, the data from all subjects were pooled for subsequent 
analyses. 

The most important result was a significant correlation 
between the first estimate of a threshold and its reestimate. 
For cooling Kendall's S=106, p<0.005, N=24 pairs. For 
warming S=118, p<0.005, N=24. 

Cooling thresholds were smaller than warming 
thresholds. From an overall comparison of all 96 estimates 
using Wilcoxon’s Rank-Sum, S=194, p<< 10~* [12]. Using 
paired comparisons of the warming and cooling thresholds 
estimated during each session, there was only one pair in 48 
where the warming threshold was smaller than the cooling 
threshold (p <2 10~"* by the sign test). There was, however, 


no significant relation between the warming and cooling 
thresholds estimated in the same session, S=111, z=0.986, 
p>0.15, N=48 pairs. 

For graphic presentation (Fig. 1) an attempt was made to 
put all of the threshold data on a single scale—namely the 
temperature required for 71% correct responses. To estimate 
this threshold for unorthodox staircases we first estimated 
the slope of the psychometric function from the subjects 
whose staircases remained within the calibrated range. 
Then, assuming that the slopes of all the subjects’ 
psychometric functions were the same, we extrapolated a 
subject’s threshold beyond the range of calibrated stimuli by 
using the percentage of correct responses at the extreme 
stimulus. 

Figure | shows the data on this estimated ratio scale. The 
ordinal ranking of these new estimated thresholds remains 
exactly the same as the ranking of the original data. Further, 
the means of these estimated threshold (+0.98+0.47 SE for 
warming and —0.19 +0.33 for cooling) are very similar to the 
medians. 

Conclusions from parametric analyses of these estimated 





TABLE 2 


ANALYSES OF COVARIANCE OF CHANGES IN TEMPERATURE AT 
THE SKIN’S SURFACE OBSERVED FROM 
THE SECOND THERMOCOUPLE 





SS df MS 





Warming 
Subject Main Effect 
Error 
Covariate 

Cooling 
Subject Main Effect 
Error 
Covariate 


<0.001 


<0.001 


<0.001 


<0.001 





Subjects are the independent variable; the responses of the extra 
thermocouple are the dependent variable. The covariate is the 
change in temperature of the primary thermocouple at the 
stimulator’s surface. 


thresholds are no different from the previous non-parametric 
analyses of the original data. To reemphasize the important 
result, there was a significant effect of subjects in cooling 
thresholds, F(23,47)=4.01, p<0.001, and in warming 
thresholds, F(23,47)=3.88, p<0.001. This reliability within 
subjects is also shown by significant correlations between 
the first and second estimates of warming, r=.59, p<0.01, 
N=24, and cooling, r=.73, p<0.001, N=24, thresholds. 


Temperature at the Skin’s Surface 


Recall that a second thermocouple was used to measure 
the temperature between the stimulator and skin. It was ex- 
pected that its response would be highly correlated with the 
response of the thermocouple soldered onto the stimulator. 
As seen in Table 1, the two temperature changes were highly 
correlated, as predicted. The magnitude of the change ob- 
served at the stimulator-skin interface was, however, only 
approximately one-fifth that at the stimulator’s surface. 
Notice also that these regressions explain only between 
one-half and three-quarters of the variability in the response 
of the second thermocouple. Clearly, something other than 
the stimulator affected the temperature of this probe, and it 
is possible that the other influence was the individual's skin. 

Analyses of covariance, shown in Table 2, demonstrate a 
significant difference between subjects in the relation be- 
tween the two thermocouples. That is, the second ther- 
mocouple responded differently to a given stimulus depend- 
ing on whose arm was being stimulated. If the relation be- 
tween the two thermocouples is influenced by some physical 
factor that differs between subjects, such as the thickness of 
the stratum corneum [6], then that difference might be re- 
flected in the skin’s responses to both warming and cooling 
stimuli. A significant correlation between the slopes of the 
regressions for cooling and warming calibrations for each 
subject, r=.67, N=24 pairs, p<0.005, supports this predic- 
tion that the subjects’ skins had characteristically different 
responses to the stimuli. Neither age, F(1,40)=0.002, p>0.9, 
nor sex, F(1,40)=0.018, p>0.85, affected the slopes (or in- 
tercepts) of these regressions, indicating that the physical 
factors responsible for different relations between the two 
thermocouples do not vary with age or sex. 
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TABLE 3 


CORRELATIONS BETWEEN THRESHOLDS AND TEMPERATURE 
CHANGES AT THE SUBJECT’S SKIN 





K 





Warming 
Cooling 


r=—.09 
r=—.07 





Ninety-six separate regressions were done on the physical re- 
sponses from each test. Two parameters from these regressions (the 
slope, B, and the intercept, K, of the function relating temperature 
at the skin to temperature at the stimulator) were then correlated 
with the estimated thresholds from each test. Sample sizes were 48 
in each correlation. All p>0.3. The use of parametric statistics only 
makes it easier to find a significant correlation. 


The regressions of the extra thermocouple’s change 
against stimulation can be used to predict the amount of 
temperature change observed at the skin-stimulator interface 
at the threshold determined by the staircase procedure. 
These calculations indicate that subjects could notice a 
change of +0.2 and —0.05°C as measured by a thermocouple 
at the surface of their skin. It does not matter if the extra 
thermocouple’s reading is predicted from the median 
thresholds put into the regressions over all subjects (in Table 
1), or from the 96 estimated thresholds (in Fig. 1) put into 
separate regressions for each test. These thresholds at the 
skin are several times smaller than thresholds estimated from 
changes in the stimulator’s temperature and from previous 
estimates in the literature, as discussed below. 


Relation Between Thresholds and Temperature Changes at 
the Skin’s Surface 


A logical prediction might be that the psychophysically 
estimated thresholds are related to how much the subjects’ 
skins responded to the stimuli. Specifically, the slope or 
intercept of each regression relating temperature changes at 
the skin’s surface to the stimuli might be correlated with the 
thermal thresholds. 

As shown in Table 3, however, there is no relationship 
between thresholds and the temperature changes at the 
skin-stimulator interface. Negative correlations might have 
been expected; the more the temperature changed at the 
skin’s surface (as indicated by high slopes and intercepts) the 
lower the threshold should be. Not only were all correlations 
no better than chance (p >0.3) but the most significant corre- 
lation was positive. The low correlations, therefore, clearly 
show the absence of any relationship between the psycholog- 
ical and the physical responses. 


DISCUSSION 
Thresholds 


Three aspects of the thresholds reported in this paper are 
consistent with previous reports: the median size of the 
warming threshold, larger thresholds to warming than to 
cooling, and consistency within subjects. The median warm- 
ing threshold, + 1.04°C, is consistent with previous estimates 
under roughly similar conditions. Estimates of just- 
detectable warming from baseline skin temperature using a 
3.62 cm? contact stimulator on the forearm vary from 
~+0.7°C [8] to ~+0.9°C [6]. Most studies have reported 





THERMAL STIMULUS THRESHOLDS 


warming thresholds greater than cooling thresholds [4, 9, 10, 
11}. 

Variability. The variability in these thresholds is much 
larger than previously reported. Marked intrasubject consis- 
tency in contrast to large intersubject differences is, how- 
ever, consistent with a previous report [11]. 

There are four reasons why the variability reported here 
may reflect that in the population. (a) The intra-subject con- 
sistency argues that our measurements were replicable. (b) 
The sample size was over three times that of any modern 
study of these thresholds. (c) The forced-choice procedure 
helps to control for the individual subject’s criterion, or the 
probability of saying something was felt on feigned trials [2]. 
(d) The subjects were untrained. 

A possible criticism of our procedure is that the subjects 
had no training before the first test, possibly increasing the 
variability of our measures. The accuracy of the estimates is, 
however, unlikely to have been affected because the data 
show that there were no changes in the thermal thresholds 
over the two hours of testing. Exactly 50% of the second 
estimates of warming and cooling thresholds were lower than 
the first estimates and vice versa. Additionally, there was no 
reliable drift in the staircase’s tracking of the threshold from 
the first half to the last half of each test, as measured by the 
mean of the 3rd to 6th turnarounds minus the mean of the 7th 
to 12th turnarounds, 1(46)=1.52, p>0.1. Therefore, eithér 
untrained subjects can perform well with no practice, or two 
hours of experience making psychophysical judgments with 
immediate feedback and incentives is not sufficient to im- 
prove performance reliably. 

Age. The absence of any difference in thermal sen- 
sitivities between the children and adults indicates that 
thresholds, if they change over development or with changes 
in size, have asymptoted by age 7. The similarity argues, 
further, that on some tasks untrained seven-year-old chil- 
dren are as capable psychophysical subjects as adults. 

The surface area of the skin on the forearm differed by 
65% between the adults and the children that were studied. 
Area was estimated by multiplying the length (1) and the 
fullest circumference (c) of all subjects’ forearms. The ab- 
sence of any change in thresholds as the area of the forearm 
grows indicates that intensity and area do not trade one for 
the other over development as they do psychophysically in 
adults [6, 13, 17, 18, 19]. 

The children had 87% more surface area per unit of vol- 
ume of their forearm than the adults. Surface to volume ratio 
was estimated by cl/(z((c/7)/2)?1). Thermoregulation is 
thought to be more difficult for small animals than for larger 
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ones [15]. The reason, called *“‘Rubner’s surface rule,”’ is 
that heat is lost (or gained) in proportion to surface area, but 
is metabolically produced (or dissipated) in proportion to 
volume. The absence of a difference in thresholds between 
the children and adults indicates that Rubner’s surface rule is 
not applicable to thermal thresholds. 

Temperature Changes Observed at the Skin’s Surface. 

Differences between the two thermocouples in this study 
indicate that the skin may change the thermal stimulus be- 
fore it reaches the receptors. The regressions in Table | 
provide an initial estimate of the fivefold overestimate plus 
30-46% error, in a statistical sense, introduced by using the 
temperature at the stimulator’s surface as an index of the 
temperature at the skin’s surface. Stevens [16] has also de- 
scribed large variability in responses of tiny thermocouples 
on the surface of the skin. Thus, estimates of temperatures at 
the surface of the skin should probably be viewed with cau- 
tion. Unfortunately, it is generally acknowledged that the 
critical temperature, that of the receptors, cannot be deter- 
mined because of uncertainty about where the receptors lie 
within the skin [4]. Given these problems in estimating tem- 
perature changes at the skin’s surface and at the receptor’s 
surface, these data indicate that calibrations at the 
stimulator’s surface probably provide the most consistent 
definition of a thermal stimulus. 

The lack of significant relationship between individual 
thresholds and individual changes in measured skin tempera- 
tures remains an interesting puzzle. It is not merely a ques- 
tion of the precision of measurement of either thresholds or 
temperature changes because our measurements of both are 
reasonably replicable within subjects. A first-order resolu- 
tion of the puzzle may be to posit a kind of intersubject 
constancy in the perception of thermal stimuli. According to 
this conjecture, a person who is physically insensitive to 
temperature changes would somehow compensate by rela- 
tively increased neural sensitivity and vice versa. In the end, 
then, we might all tend to experience the thermal environ- 
ment in much the same way, even though physical measure- 
ments at the skin’s surface might superficially suggest 
otherwise. 
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NARAYANAN, C. H., Y. NARAYANAN AND R. C. BROWNE. Effects of induced thyroid deficiency on the devel- 
opment of suckling behavior in rats. PHYSIOL. BEHAV. 29(2) 361-370, 1982.—The effects of propylthiouracil 
(PTU) on the ontogeny of suckling behavior in rats were examined. The drug was given at two dosage levels of 0.3% and 
0.5% respectively mixed with rat diet throughout gestation and suckling. The thyroid glands of treated fetuses and pups and 
of untreated control animals of the same age groups were monitored by histologic examination. At the behavioral level, the 
frequency of individual movements of head, forelimbs and mouth was significantly reduced in treated fetuses. The combi- 
nation movements of head, mouth and forelimbs showed severe deficits both quantitatively and qualitatively for all ages in 
the experimental group from day 18 of gestation. Hypothyroid pups of dams raised on 0.5% PTU were unable to attach to 
the nipple of the mother and died within a few days. Pups of dams raised on 0.3% PTU showed longer latencies for nipple 
attachment, and their gross motor movements of rooting and suckling were greatly impaired. These results have been 
discussed in relation to the development of suckling behavior to indicate that, during ontogeny, some decisive step in the 
integration of individual movements takes place in utero from day 18 of gestation. This coincides with the establishment of 


pituitary thyroid relationship, which is continued through postnatal stages. 


Fetal motility Propylthiouracil Hypothyroidism 


Fetal antecedents to postnatal behavior 


EFFECTS of early hypo- and hyperthyroidism have been 
the subject of considerable theoretical and practical interest 
and have been studied at various levels of organization; 
biochemical [1, 2, 39, 44]; morphological [9, 14, 35-37]; neu- 
rophysiological [7, 30, 42]; and behavioral [11, 12, 15, 25, 26, 
43]. These studies have shown, at varying degrees of resolu- 
tion, the profound influence that thyroid hormone might 
have on developmental processes. A majority of studies on 
behavior development, however, have focused on re- 
flexogenic patterns in the neonatal peroid. Relatively less 
attention has been directed to the origin of specific behavior 
patterns that are of adaptive value to the newborn and which 
must be mature at the moment of birth for the newborn to 
survive. Suckling behavior belongs to this category and is 
one of the earliest organized behavior patterns to emerge 
during development. It is also a highly specialized invariant 
act that is elicited by a narrow range of stimuli [5,6]. It 
seemed of particular interest to us to investigate its prenatal 
origin using the rat as a model, with a view to comparing the 
development of this behavior pattern in fetuses born to dams 
made thyroid deficient by the administration of 
propylthiouracil (PTU). Some of the components of the 
suckling sequence appear at early stages of development, 
e.g. mouth opening and closing, at about the time the thyroid 
gland becomes functional in the rat fetus [16]. The 
emergence of this organized behavior pattern might be par- 
ticularly sensitive to alterations in the level of thyroid hor- 


Pituitary-thyroid relationship 
Ontogeny of suckling behavior 


mone available during the formative stages of fetal and early 
neonatal periods. 

In this report we describe the repercussions of induced 
thyroid deficiency and neonatal hypothyroidism on the se- 
quential development of suckling behavior. The results of 
our analysis show that combined movements involving the 
head, oral area and forelimbs which represent the basic 
components of suckling behavior are drastically reduced 
prenatally, while in the neonates the ability to locate (rooting 
behavior), apprehend and suckle the nipples are either ab- 
sent or are greatly impaired. Some of these results have been 
presented in abstract form [33,34]. 

Since rapidly growing organs are more sensitive to 
thyroid deficiency [8], our present observations of behavior 
deficits in suckling raises the possibility that the sequential 
development of the neuronal substrate involved in the elab- 
oration of this function may be affected by mild-to-moderate 
depression of thyroid hormone. 


METHOD 


Animals 


Timed pregnant sperm positive rats supplied by Holtzman 
Company were used in this study. One hundred five animals 
were used as experimental subjects (treated group), and an- 
other 80 were used as control animals (untreated group). The 
day of sperm-positive smear was considered the beginning of 
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the first day of gestation in our studies and designated em- 
bryonic day zero. 


Procedure 


Starting on Day seven of pregnancy, experimental dams 
were fed a goitrogenic diet consisting of powdered Teklad 
Rat and Mouse Diet (4% fat, 24% protein) mixed with 
propylthiouracil (PTU: 6-N-propyl-2-thiouracil; Sigma 
Chemical, St. Louis, MO). Two dosage levels of PTU 0.3% 
(0.3 g PTU per 100 g of feed) and 0.5% were given in this 
manner to two groups of pregnant rats through the period of 
gestation and suckling (=21 days after birth). Prenatal re- 
cordings and observations were made on litters of animals 
raised on 0.5% PTU only (see below). Animals raised on 
0.3% PTU were used only for postnatal studies. Control 
dams were maintained on powdered Teklad diet without 
PTU. Preweighed food was provided from the day treatment 
was begun. Food intake was weighed every day. Both con- 
trol and experimental dams were provided ad lib access to 
food and water. A total of 40 control and 50 hypothyroid 
litters were reared to 21 days in this study. 

Both treated and untreated dams from 15 days through 21 
days of pregnancy were prepared in the following manner: 
First, under light chloroform anesthesia the dam was placed 
on her belly on the operating board [32]. Next, an irreversi- 
ble form of maternal spinal anesthesia called Chem- 
omyelotomy [4] was performed in order to reduce affer- 
ent stimuli from lower regions during cesarean section. 
Briefly stated, the technique of chemomyelotomy consists of 
injecting 0.1 cc of absolute ethyl alcohol into the spinal cord 
using a 1.0 cc syringe and a 16-gauge needle. While injecting, 
the tip of the needle is carefully maneuvered through the skin 
at a point below and slightly lateral to the vertebral level L, 
and driven cranially at a 45° angle. An immediate extensor 
response of the hindlimbs indicates a successful transfixation 
of the spinal cord at that level. This is followed by a complete 
paralysis and anesthesia caudal to the level of injection. The 
animal usually goes into a state of hyperventilation for one or 
two minutes following chemomyelotomy. 

Following recovery from hyperventilation, the dam is 
placed on a specially designed restraining board made of 
Plexiglas [32]. Stainless steel retractors (Brookline Surgical 
Specialties) were used to restrain the animal. The animal 
survives in a tranquil condition during the subsequent obser- 
vation and recording sessions. 


Surgery 


The surgical procedures described below were carried out 
under strict aseptic conditions. After the dam was securely 
restrained, the abdominal region was prepared for 
laporotomy. Abdominal hair was removed with fine clippers 
and the area generally scrubbed with zephrin chloride. At 
laparotomy, the uteri were elevated from the peritoneal cav- 
ity and both uterine horns were laid back on the dam’s ab- 
domen. Small gauze pads soaked in mammalian Ringer’s 
solution were packed into the abdominal cavity to keep the 
intestines in place and out of the way. The preparation was 
gently slid into a thermostatically controlled bath containing 
mammalian Ringer’s solution, pH 7.4, so that the abdominal 
incision and the uterine horns were completely submerged. 
The bath was maintained at a constant temperature of 
37.5°C. The fetuses in the uterine horns were allowed to 
acclimate for approximately 45 minutes. A close check on 
the temperature of the bath, on the color of the fetuses and 
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placental connections was made during this time in order to 
ensure that the fetuses were in good condition for the record- 
ings of activity. Care was taken not to pull or handle the 
umbilical cord and to keep the preparation submerged in the 
Ringer’s solution at all times. As stated in our previous 
studies [32], such preparations show no adverse effects in 
overall performance of the fetuses at any stage as long as 
placental union remained intact. 


Motility Recordings 


Prenatal. The activity of fetuses was observed through a 
binocular microscope and recorded mechanically by press- 
ing recording keys connected in series to an Esterline Angus 
event recorder [32]. The uterine wall was incised at the 
antimesometrial border and the fetuses were shelled out 
while retaining the amnion and placental connections intact. 
All observations and recordings were made after complete 
recovery of the mother from anesthesia. The present proce- 
dure differs from our previous study [32], in that, it takes into 
account only head, oral area and forelimb movements either 
alone or in various combinations. These movements are 
prominent in prenatal stages, occur spontaneously, and are 
amenable to a rigorous statistical analysis. Five different 
categories of movements were recorded: 


(a) Head movements: Any movements of the head such as 
head extension and ventral flexion, or side to side move- 
ments; high amplitude rotatory movements and backward 
extensions of the head. 


(b) Forelimb movements, include abduction and adduc- 
tion of the forelimbs; flexion and extension at the shoulder, 
alternate extension and flexion with arm moving across the 
face as in face wiping, including movements at the wrist and 
fine digit movements. 


(c) Oral area activity, partial and/or active mouth open- 
ing; mouth opening and closing; tongue movements and 
active closing of the mouth. 


(d) Head and forelimb combination: Vigorous and rapid 
movements, with higher amplitude involving the head and 
forelimbs. These movements are usually repeated several 
times. One arm may be extended while the other is flexed 
moving across the face as in face-wiping, while the head is 
moved from side to side. 


(e) Head, forelimb and mouth opening, a combination 
movement which may be characterized as follows: Powerful 
backthrusts of the head accompanied by coordinated arm 
movements at the shoulder. The most striking feature is a 
rotatory motion of the head including movements of the 
upper extremities bilaterally. When extension at the shoul- 
ders uncovers the mouth, it is usually open and closure of the 
mouth occurs when hands move upward. 

The movements categorized above are clearly recogniz- 
able and not only indicate general trends in the development 
of behavior, but also, are useful in our analysis of the basic 
components of suckling behavior. Suckling is a complex be- 
havior with at least three motor components that can be 
operationally distinguished [45]: (1) nipple search, (2) nipple 
attachment, and (3) milk intake. For the sake of convenience 
in our analysis, the suckling behavior itself has been divided 
into two separate behavioral components in the present 
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study: An orienting response (rooting behavior) which in- 
volves a sequence of gross motor movements that bring the 
pup’s snout in contact with the mother and her nipples, and a 
stereotypic ingestive phase during which the young attaches 
to the nipple and begins to suckle. Milk let down was not 
studied here. 

Postnatal. Observations were made periodically on the 
days of expected arrival of young ones such that the age of 
the litters was known within eight hours. All litters were 
adjusted to an equal size of six pups at the time of birth and 
observed over a period of 21 days. Pups were marked with a 
non-toxic water proof marker after the first testing. Tem- 
perature and lighting conditions were maintained at constant 
levels for all these observations. Suckling behavior was as- 
sessed on a mother which was anesthetized with Urethane 
(Ethyl Carbomate, Sigma Chemicals, St. Louis, MO: 1.1 
g/kg), given intraperitoneally in mammalian Ringer's solu- 
tion. The mother was placed in a Plexiglas trough with a 
perforated Plexiglas lid and a layer of wood shavings on the 
bottom. Pups from a litter were tested with the young placed 
at the mother’s side. Individual latencies for nipple attach- 
ment were obtained directly [10,47]. The latency (in seconds) 
for the pup(s) to apprehend a nipple and begin to suckle 
(initial nipple attachment latency) was recorded. Each pup 
was tested only once. Each test lasted approximately 5 min- 
utes. Cinematographic recordings were made in actual time 
for further review. Data were collected in several rep- 
lications. 


Weight and Size Measurements 


All fetuses and pups were weighed to the nearest 0.1 g at 
the completion of recordings and observations. Pups were 


also examined daily in order to determine complete bilateral 
pinna unfolding and complete bilateral eye opening. Crown- 
rump length (CRL) of fetuses was measured in order to coun- 
tercheck the age of the litter. CRL as indicated in this study 
refers to fresh material unless stated otherwise. 


Histology 


Fetuses and neonates of both untreated and treated 
groups were fixed in Bouin’s fluid, dehydrated in a graded 
series of ethanol, embedded in paraffin and sectioned serially 
in 12 u for histologic examination. The sections were stained 
with eosin orange G and hematoxylin. The follicular 
epithelium of the thyroid glands in the treated and untreated 
litters was examined for making cytological comparisons. 
Bouin’s-fixed thyroids of both treated and untreated dams 
were also prepared as above for comparison. 


Statistical Analysis 


The data were analyzed by paired comparisons of the 
means. A two-tailed t-test for paired data was used to evalu- 
ate significance of differences between means. 


RESULTS 


One of the quantitative measures that has been estab- 
lished in our previous studies [32] for normal fetuses is the 
percent of time spent in activity during a standard observa- 
tion period of ten minutes. The description below refers to 
spontaneously occurring activity as recorded for the experi- 
mental and control groups. Table 1 shows the frequency of 
total movements for treated and untreated fetuses for com- 
parison. In Table 2, the frequency of individual and combi- 


TABLE |! 


MEAN (+S.E.M.) FREQUENCY OF TOTAL ACTIVITY FOR 5 MINUTE 
PERIODS IN PTU TREATED AND UNTREATED CONTROL GROUPS 
OF FETUSES OVER THE GESTATIONAL AGES 16 THROUGH 20 





Gestational 


age Control Experimental 





16 days 90.6 + 19.36 28.1 + 10.42* 
17 days 143.5 + 25.24 47.8 + 11.867 
18 days 184.7 + 33.76 54.7 + 11.277 
19 days 142.2 + 17.16 22.8 + 5.5t 
20 days 78.5 + 19.55 28.3 + 7.85 





Statistical analysis between groups were done by paired compari- 
sons using f-tests (two tailed). *»<0.05, *p<0.01, $p<0.001. 


nation movements has been compared. The data on fre- 
quency have been transformed into a percentage of total time 
in the experiment during which the fetuses were active, and 
is shown in Fig. 1A. In Fig. 1A, the individual recordings of 
the treated and untreated (control) groups have been plotted. 
Activity in the control group reaches a peak on day 18 and 
declines on days 19 and 20. In the treated group, fetal activ- 
ity remains at a much lower level than in the control group 
from day 16 through day 20 of gestation (reliably different 
from control values at p<0.01 or p<0.001). 

As may be seen from Fig. 1B, C, D, on individual move- 
ments, in the control group, forelimb movements are the 
most prominent in terms of both frequency and duration. 
Individual movements of the head begin on day 16 in the 
control group, attain a peak value of 20 movements per 5 min 
on day 17, and then declines rapidly to a low value of approx- 
imately four to five movements/5 min over the next three 
days. Individual forelimb movements on the other hand, 
begin on day 16 at a much higher level than the head move- 
ments at a corresponding age. It attains a peak value of 108/5 
min on day 17. The decline over the next three days is rather 
gradual compared to the individual head movements. Indi- 
vidual mouth opening appears on day 17 of gestation age, 
reaches a peak on day 19 and shows a rapid decline on day 
20. 

While the decline in frequency of individual movements 
with the exception of mouth opening occurs in the control 
group of fetuses over a three day period from day 17 through 
day 20, there is a noticeable increase in the combination 
movements. For instance, in the untreated group, move- 
ments of either head or forelimbs alone (Fig. 1B, C) show a 
decline on day 18. On the other hand, the combination 
movements of head and forelimb or head, forelimb and oral 
area activity maintain the increase (Fig. 1E) or continue to 
increase through day 19 (Fig. 1F). The increase in combina- 
tion movements may be related to a very important phenom- 
enon in the sequential development of suckling behavior. 

Both the individual movements and the combination 
movements in the control group of fetuses occur in seem- 
ingly predictable fashion at each stage. For instance, on days 
16 and 17 of gestation, the individual movements are 
prominent. On day 18 combination movements of forelimb 
and head are much more frequent. On day 19, the fetuses 
exhibit characteristic swimming-like movements involving 
the trunk, side to side movements of the head and alternate 





NARAYANAN, NARAYANAN AND BROWNE 


TIME SPENT IN ACTIVITY HEAD MOVEMENTS ONLY 


ke ee oe 


_vVWwVT VY vey ve VT Cow 


PERCENTAGE ACTIVITY 
oS88883 8a RBes 











FORELIMB MOVEMENTS ONLY MOUTH OPENING ONLY 


Cc 
oo, 
“ *~, 


ea "thas. ao 


Zz 
= 
w 
c 
& 
> 
Ee 
2 
_ 
O 
< 








oSBBBSBZSARBRS 


HEAD FORELIMB AND MOUTH 
HEAD AND FORELIMB COMBINATION COMBINATION 


control eee 
experimentalo= *~o 


ACTIVITY PER 5 MIN 








17 18 
PRENATAL AGE PRENATAL AGE 


FIG. 1. Graphs to show various spontaneously occurring behavioral characteristics (=motility patterns), for 5 minute periods in 
fetuses of the PTU treated and untreated (control) groups over the gestation period from days 16 through 20. Spontaneous activity 
expressed as a percentage of time during the experiment when the fetuses were active is shown in A. Note that the percent activity 
in treated group is at a much lower level than the control group of fetuses for all ages; in B, C and D, the frequency of individual 
movements of Head, Forelimbs and Mouth is shown. Note the significant reduction in individual movements for all categories in 
the treated group; in E and F, the frequency of the combination type of movements of Head and Forelimbs (E), and Head, 
Forelimbs and Mouth (F) is shown. The combination movements are drastically reduced in the treated group for all ages. 
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TABLE 2 


MEAN (+S.E.M.) FREQUENCY OF INDIVIDUAL AND COMBINATION MOVEMENTS IN PTU TREATED AND UNTREATED CONTROL GROUPS 
OF FETUSES OVER THE GESTATIONAL PERIOD FROM DAYS 16 THROUGH 20 





Gestation Age 


in Days 


Number of 
Litters 


Control 
Experimental 


16 days 


4 
4 


17 days 18 days 19 days 


4 
4 





Head movements 
only 

Forelimb move- 
ments only 


Head and Forelimb 


combination 
Head, Forelimb 


and mouth opening 


Mouth opening 
only 


Control 
Experimental 
Control 
Experimental 
Control 
Experimental 
Control 
Experimental 
Control 
Experimental 


I+ I+ I+ I+ I+ I+ 


6.0+ 1.35 

2a 1.72 

54.5+ 6.64 

6.5 1.88% 

56.0 + 15.11 

2.8 Si 

77.5 + 13.98 

0.4+ 0.387 2.3 
69.0 + 13.33 22.8 + 
5.5+ 4.867 8.3 





Statistical analysis between groups were done by paired comparisons using f-tests (two tailed). *»<0.05, tp<0.01, $p<0.001. 


flexion and extension of the forelimbs, which resemble 
rooting-like behavior (Fig. 3A—D). 

It is also worthy of note, that active mouth opening pre- 
cedes active closing. Closing the mouth is rather passive on 
day 17 in the sense it is brought about more by an elastic 
recoil than by muscle activity. Active mouth closure is seen 
beginning from day 18 onwards (Fig. 3B, C). Isolated tongue 


movements are observed on day 17, occur as part of mouth 
opening activity and increase in frequency over the next few 
days. Swallowing movements have been observed around 
day 18. The head extension accompanied by swallowing 
movements represent early aspects of feeding behavior. 

In the experimental group of fetuses, the individual 
movements for all three categories are drastically reduced at 


FIG. 2. Comparison of size differences between pups born to PTU treated and untreated (control) dams (A). The hypothyroid pup, 
although chronologically the same age as the control pup in this experiment, is smaller in size, with less hair in the skin, and the 
eyes not open. The size differences are readily apparent at 19 days of gestation age (B) between the control fetus on the left and the 
PTU treated fetus on the right. 
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FIG. 3. Photographs illustrating the sequence of spontaneous behavior pattern of side to side turning of the head around a vertical 
axis (A—D), involved in the rooting-like behavior seen in a 19 day untreated (control) rat fetus. Head and trunk flexion to same side 
(A), followed by rotation of the rump (C), with arms extending at the shoulder (D). Note that mouth opening is observed (B) when 
extension at the shoulder uncovers the mouth. 


all ages. Of special importance is the significant reduction in 
mouth opening in the experimental fetuses. In the treated 
group of fetuses, mouth opening is rather late in appearance 
around day 19 or 20, occurs at a much reduced frequency of 
one per minute, and is of very low amplitude. The combina- 
tion movements likewise follow the same trend, in that they 
are drastically reduced. In particular, the combined head, 
forelimb and mouth opening movements are almost absent in 
the experimental animals. These combination movements 
are important components of nipple attachment and their 
reduction in prenatal stages typify early deficits in the suck- 
ling behavior of the treated group of animals after birth. 


After birth, the control group of pups attached to the 
nipple rapidly. This seemed to be a rather consistent pattern 
of motor behavior that included searching, rooting and pro- 
gression. Contact with the mother elicited the characteristic 
rooting response by which the young one using forelimbs and 
trunk in swimming-like motions moves across the body of 
the mother, scanning the surface by moving its head from 
side to side until it contacts a nipple and begins to suckle. In 
the experimental group of pups, the rooting behavior was not 
observed and the pups either were not able to attach at all or 
did so with prolonged latencies. Owing to this deficit in their 
suckling behavior which continued through the 21 day period 
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in our study, the experimental pups were extremely sluggish 
in their movements, reduced in size and weight (see below). 
It should be pointed out that animals raised on a goitrogenic 
diet with 0.5% PTU were unable to attach to the nipple. They 
were unable to obtain any nourishment from the mother and 
died within a few days after birth. Pups raised on 0.3% PTU 
also showed a significant reduction in overall activity prena- 
tally, but were able to attach to the nipples of the mother 
with prolonged latencies, however. In summary, the treated 
pups were severely disabled. They lacked the activity and 
excitement characteristic of control pups of the same age 
group. This pattern of behavior continued without much im- 
provement through the rest of the observation period of 21 
days. 


Weight and Size Relationship 


There were no significant differences in the number of 
pups born to females belonging to the hypothyroid or control 
groups. However, there was a delay in birth by 24 to 48 
hours in the hypothyroid dams. The hypothyroid pups were 
obviously abnormal both in form and activity from birth. 
Hair appearance was delayed, and the animals were as a rule 
sluggish. The birth weights of litters whose mothers had re- 
ceived PTU from Day seven of gestation, that is, the 
hypothyroid litters averaged 5.4 g, whereas litters not treated 
prenatally, that is, control group of pups, had mean birth 
weight of 8.2 g. The hypothyroid pups weighed approx- 
imately 70% of his control counterpart at birth. The weight 
difference between the control and treated groups of pups 
became pronounced as the pups grew older. The weight 
ratios of the hypothyroid to control declined so that at 14 
days the deficient pups weighed only 40% of age matched 
control pups (Fig. 2A). The decrease in body weight and 
CRL was observed in the treated group even as early as 19 
days of gestation age (Fig. 2B). Normal sensory develop- 
ment is very much delayed in the hypothyroid pups. When 
we quantified the difference in time required for eye opening 
in the hypothyroid and control pups, we found a differential 
of three days. The hypothyroid pups showed eye opening 
most frequently on days 18-20, whereas, the untreated pups 
showed the highest percentage of eye opening on day 15, and 
by day 16, 100% of them showed complete bilateral eye 
opening (Fig. 2A). A linear relationship has been docu- 
mented by Khamsi and Eayrs [29] between day of eye open- 
ing and the log daily dose of thyroid hormone received, 
suggesting that eye opening may serve as a fairly sensitive 
indicator of the level of thyroid hormone. 


Histology 


Thyroid sections from hypothyroid fetuses showed obvi- 
ous effects of PTU. At 19 days in the untreated fetuses the 
follicles were colloid filled. The thyroid gland in a 19 day 
hypothyroid fetus was characterized by a meagre quantity or 
no colloid, poorly developed follicles and rather high acinar 
epithelium. The increased height of the acinar epithelium and 
hyperplasia of the thyroid gland obscured the normal differ- 
entiation of the follicles. 


DISCUSSION 


PTU is an effective agent for the formation of goiters. 
PTU has been known to interrupt the uptake of iodine by the 
thyroid [13], inactivate thyroid peroxidase [31,46], leading to 
disturbances in the biosynthesis of thyroid hormone. It has 
been shown that PTU induces an elevation of plasma TSH 


level and an increase of thyroid weight within 48 hours in 
adult rats [19]. The question whether PTU can cross the 
placenta has been addressed by several workers [3, 16, 28]. 
Barnett [3] produced experimental cretins by feeding 
thiouracil mixed in the animal’s diet to pregnant female rats 
throughout the period of gestation and suckling. The changes 
observed in the cytological characteristics of the thyroid 
gland of experimental animals and of their differences in 
growth rate as compared to control animals of the same age 
have afforded proof of the fact that the antithyroid drug cross- 
es the placenta and also passes through the lactating female 
via the milk [3]. Jost et a/. [28] treated pregnant rats with 50 
mg PTU daily from 12 to 16 days of gestation age and found 
consistently retarded growth in body weight and in the de- 
gree of ossification in fetuses on day 17 of gestation age, 
implying that PTU can cross the placenta at early stages of 
gestation as well. More recently, Eguchi er al. [16] have 
studied the critical time of onset of the reciprocal relation- 
ship between the pituitary and the thyroid in fetal rats based 
on the appearance of goiters in fetuses after maternal treat- 
ment with PTU on various stages of gestation. Their assess- 
ment was based on changes in the weight and histology of 
fetal thyroids. They showed that PTU when administered on 
days 18 and 19 or later in gestation, induced conspicuous 
goiters in fetuses, which was reflected by an increased 
weight of thyroid glands, increased height of follicular cells, 
and in a decreased amount of colloid stored in follicles. Ac- 
cording to them, this is suggestive of the fact that in fetal 
rats, the reciprocal relationship between the pituitary and the 
thyroid is established on approximately days 19-20 of gesta- 
tion. The fact that goiter is not produced by hypophysecto- 
mized fetuses, but only in intact fetuses of pregnant rats 
given PTU, would seem to suggest that the goiter caused by 
PTU is not due to maternal TSH crossing the placenta but to 
fetal TSH [17,21]. 

The cytological characteristics of the thyroid gland in 
treated fetuses and the thyroid weight/body ratio are in ex- 
cellent accord with those of Eguchi er a/. [16]. The strong 
similarities between our results and the more recent studies 
of Eguchi et al. [16] that the thyroid gland of treated fetuses 
is affected as early as day 18 of gestation age provides addi- 
tional morphological support to the suggestion that the 
pituitary-thyroid relationship is established around day 18 of 
gestation. In summary, it appears obvious from the data al- 
ready published and the results presented in this report, that 
PTU given to pregnant females depresses fetal thyroid func- 
tion so as to produce cretin-like pups, and supports the view 
of a placental transmission of hypothyroidism in utero. 

The results of the first series of our experiments provide 
novel information on the prenatal origins of suckling behav- 
ior under normal and induced hypothyroid states in rats. By 
focusing on a single, readily observable behavior pattern, it 
was intended to provide a demonstration of the experimental 
technique in the analysis of coordinated behavior develop- 
ment. The gross motor movements of suckling behavior de- 
scribed in this report, are readily amenable to such analysis. 
This approach in ontogenetical studies of behavior has been 
used successfully in the past on chick embryos [22-24], duck 
embryos [38] and rat fetuses [32], with a view to provide 
considerable insight into the neuronal substrate of behavior 
development. 

The question of the occurrence of fetal antecedents to 
postnatal action patterns, such as walking, righting, 
avoidance has been discussed previously [32]. In the present 
study we have focused our attention on the combination of 
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movements in the spontaneous motility that could be inter- 
preted clearly as antecedents to suckling behavior. A statis- 
tical analysis of the relationship of movements over the ges- 
tation period at different stages has been made in order to 
settle this question unequivocally. It is our impression based 
on the data at hand, that suckling behavior may be traced to 
very early stages and undergoes at least two transitional 
changes in the course of development. One of these involves 
the integration of individual movements of the head, 
forelimbs and mouth into combination types of movements 
before birth. The second stage is the integration of the com- 
bined movements observed prenatally into a behavior pat- 
tern that is, of adaptive value to the newborn, such as the 
orienting response (rooting), and the attachment to the nip- 
ple of the mother, for suckling. Finding the mother’s nipple 
is facilitated in young mammals by a special movement pat- 
tern, a pendular movement of the head. Prechtl [41] found 
that without external cause, young cats, mice and rats make 
horizontal pendular movements with their heads and have 
termed this phenomenon the ‘‘search automatism.’’ New- 
born rats and other mammals which are born in a relatively 
immature state, show similar side to side movements of the 
head shortly after birth. After some days, the directed head 
turning movements occur. In the present study, individual 
movements of the head, forelimbs and mouth are observed 
as early as 16 days of gestation. The side to side movements 
of the head accompanied by alternate flexion and extension 
of the forelimbs and oral area activity (mouth opening and 
closing) are readily observable between days 18 to 20 of 
gestation. We believe these movements resemble the rooting 
response seen immediately after birth. Our data have shown 
that in the treated fetuses, the individual movements are 
drastically reduced. As a consequence, the combination type 
of movements as seen in control fetuses at corresponding 
stages of development do not occur. The deficits in overall 
activity whether individual or combined are clearly distin- 
guishable, and are apparent as early as day 18 of gestation 
age. The foregoing results are highly suggestive of the exist- 
ence of a sensitive period in development from days 18 to 20 
of gestation during which thyroid hormone is essential for 
the sequential integration of the individual movements. In 
the absence of thyroid hormone the individual movements of 
the head, forelimbs and mouth are not only reduced both 
quantitatively and qualitatively, but also, fail to be 
integrated. 

The second transitional stage involves the incorporation 
of the combined movements which were observed prenatally 
into a sequence of postnatal behavior pattern that is adap- 
tively needed for the young after birth. Our data indicate 
that in the hypothyroid pups, the orienting response (rooting) 
and suckling are severely impaired. As described above the 
pups of the treated group lack the vigor and excitement char- 
acteristic of untreated pups of the same age. An implicit 
assumption in this discussion has been that deficits in suck- 
ling behavior constitute a failure on the part of treated pups 
to exhibit the characteristic motor behavior which includes 
searching, rooting, and progression, preparatory to attach- 
ment to the nipple of the mother to suckle. 

Our observations are compatible with other previous re- 
ports showing that in hypothyroid pups there is considerable 
delay in the development of the orienting response [18, 25, 
26]. The behavior of hypothyroid pups in our study, suggest 
that differences observed in the performance of these 
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movements during prenatal stages are sufficient to explain 
the deficits in rooting and suckling behavior noticed after 
birth. 

In a previous study [32], we have been able to give some 
behavioral interpretation to fetal movements in terms of ac- 
tion patterns such as withdrawal responses, grasping, mouth- 
ing and licking, face wiping, and hindlimb scratching with 
appropriate stimulation. These evoked patterns are clearly 
part of the postnatal behavior repertoire. The rooting reflex, 
which occurs after tactile stimuli to the oral region, has been 
rediscovered and described many times [40]. Prechtl [41] 
observed repeated turning of the head to and fro with or 
without stimulation in premature infants at 28 weeks of ges- 
tation. Some of these action patterns such as for instance 
mouthing and head-turning comparable to those occurring 
after cutaneous stimulation have been observed to occur 
spontaneously during prenatal stages in our study. This ob- 
servation together with the statistical analysis of these 
movements that we have carried out, would argue in support 
of the interpretation of spontaneous prenatal movements in 
terms of precursors to postnatal action in at least as far as the 
prenatal origins of suckling behavior is concerned. 

When considered in the larger context of the ontogeny of 
coordinated behavior, our findings lend some support to the 
notion that all development, including that of behavior, is a 
continuous or gradual process [20, 21, 38]. In this study, we 
have paid particular attention to the origin and relationship 
of the combined movements of the head, forelimbs and 
mouth, in order to determine whether it develops gradually 
to become incorporated into gross motor behavior patterns 
seen postnatally, or whether it increases suddently when it is 
needed. It is our impression based on our data and a careful 
review of our cinematographic recordings of each stage, that 
there is a straightforward increase of these movements over 
the gestation period. The various movements which were 
present earlier in gestation represent the basic components 
of coordinated behavior seen in later stages of gestation. 
These component movements are indeed organized in a new 
manner just before birth. This unique sequence of move- 
ments are evidently the forerunners of the gross motor be- 
havior seen postnatally as rooting behavior. In the control 
pups there is an intensification of this rooting behavior, while 
it is absent in the treated group that shows deficits in suck- 
ling behavior. 

It is now becoming increasingly apparent that thyroid 
hormone can exert complex influences on the rate and mag- 
nitude of function. Presumably the nature of these influences 
is related, at least in part, to changes which occur in the 
nervous system following treatment. It is hoped that future 
studies will further examine such influences so that 
anatomical, biochemical and physiological changes following 
thyroid inhibition can be more precisely correlated with be- 
havioral changes. Toward this end data on the neuroanatom- 
ical substrates of suckling behavior are presently being eval- 
uated in this laboratory. 


ACKNOWLEDGEMENTS 


This research was supported by the National Institutes of 
Health-National Institute of Child Health and Human Development, 
Research Grant #HD 12064. The authors acknowledge the secretar- 
ial aid of Miss Augustine Chapman. 





THYROID DEFICIENCY AND BEHAVIOR DEVELOPMENT 


REFERENCES 


. Balazs, R., W. A. Cocks, J. T. Eayrs and S. Kovacs. Biochemi- 
cal effects of thyroid hormones on the developing brain. In: 
Hormones in Development, edited by M. Hamburgh and E. J. 
W. Barrington. New York: Appleton-Century-Crofts, 1971, pp. 
357-359. 

. Balazs, R., S. Kovacs, P. Teichgraber, W. A. Cocks and J. T. 
Eayrs. Biochemical effects of thyroid deficiency on the develop- 
ing brain. J. Neurochem. 15: 1335-1349, 1968. 

. Barnett, R. J. Experimental production of cretin-like rats. Yale 
J. biol. Med. 22: 313-322, 1950. 

. Basmajian, J. V. and D. A. Ranney. Chemomyelotomy: Substi- 

tute for general anesthesia in experimental surgery. J. appl. 

Physiol. 16: 386, 1961. 

. Blass, E. M. The ontogenesis of suckling: A goal directed be- 

havior. In: Neural Mechanisms of Goal-Directed Behavior and 

Learning, edited by R. F. Thompson, L. H. Hicks and V. B. 

Shvyrkov. New York: Academic Press, 1980, pp. 461-469. 

. Blass, E. M., W. G. Hall and M. H. Teicher. The ontogeny of 

suckling and ingestive behavior. In: Progress in Psychobiology 

and Physiological Psychology, vol. 8, edited by J. M. Sprague 

and A. N. Epstein. New York: Academic Press, 1979, pp. 243- 

292. 

. Bradley, P. B., J. T. Eayrs and K. Schmalbach. The electroen- 

cephalogram of normal and hypothyroid rats. Electroenceph. 

clin. Neurophysiol. 12: 467-477, 1960. 

. Brasel, J. A. and M. Winick. Differential cellular growth in the 

organs of hypothyroid rats. Growth 34: 197, 1970. 

. Clos, J., C. Legrand and J. Legrand. Effects of thyroid state on 

the formation and early morphological development of Berg- 

mann glia in the rat cerebellum. Devi Neurosci. 3: 199-208, 

1980. 

. Cramer, C. P., E. M. Blass and W. G. Hall. The ontogeny of 

nipple-shifting behavior in albino rats: Mechanisms of control 

and possible significance. Dev! Psychobiol. 13: 165-180, 1978. 

. Davenport, J. W. Cretinism in rats: Enduring behavioral deficit 

induced by tricyanoaminopropene. Science 167: 1007-1009, 

1970. 

. Davenport, J. W., W. W. Hagquist and R. S. Hennies. Neonatal 

hypothyroidism: Maturational accelaration and learning deficit 

in triiodothyronine stimulated rats. Physiol. Psychol. 3: 231- 

236, 1975. 

. Davidson, B., M. Soodak, J. T. Neary, H. Strout, J. D. Kieffer, 

H. Mover and F. Maloof. The irreversible inactivation of 

thyroid peroxidase by methylmercaptoimidazole, thiouracil, 

and propylthiouracil in vitro and its relationships to in vivo find- 

ing. Endocrinology 103: 871-882, 1978. 

. Eayrs, J. T. The cerebral cortex of normal and hypothyroid rats. 

Acta anat. 25: 160-183, 1955. 

. Eayrs, J. T. Effect of neonatal hyperthyroidism on maturation 

and learning in the rat. Anim. Behav. 12: 195-199, 1964. 

. Eguchi, Y., Y. Fukiishi and Y. Hasegawa. Ontogeny of the 

pituitary-thyroid system in fetal rats: Observations on the fetal 

thyroid after maternal treatment with goiteogen. Anat. Rec. 198: 

637-642, 1980. 

. Eguchi, Y., S. Suzuki, Y. Morikawa and Y. Hasimoto. Experi- 

mental formation of goiter in exencephalic fetal rats subjected to 

maternal hypervitaminosis A. Endocrinology 88: 261-263, 1971. 

. Fleischer, S. F. and G. Turkewitz. Effects of neonatal stunting 

on development of rats: Large litter rearing. Dev! Psychobiol. 

12: 137-149, 1979. 

. Griessen, M. and T. Lemarchand-Beraud. Thyrotropin secre- 
tion and metabolism in rats during propylthiouracil treatment. 
Endocrinology 92: 166-173, 1973. 

. Hamburger, V. IV. Emergence of nervous coordination: Origins 
of integrated behavior. Dev! Biol. 19: 251-284, 1968. 

. Hamburger, V. Anatomical and physiological basis of em- 

bryonic motility in birds and mammals. In: Studies on the De- 

velopment of Behavior and the Nervous System. Behavior Em- 
bryology, vol. 1, edited by G. Gottlieb. New York: Academic 

Press, 1973, pp. 52-73. 


. Hamburger, V., M. Balaban, R. Oppenheim and E. Wenger. 
Periodic motility of normal and spinal chick embryos between 8 
and 17 days of incubation. J. exp. Zool. 159: 1-14, 1965. 

. Hamburger, V., E. Wenger and R. Oppenheim. Motility in the 
chick embryo in the absence of sensory input. J. exp. Zool. 162: 
133-160, 1966. 

. Hamburger, V. and R. Oppenheim. Prehatching motility and 
hatching behavior in the chick. J. exp. Zool. 166: 171-204, 1967. 

. Johanson, I. B. Development of olfactory and thermal respon- 
siveness in hypothyroid and hyperthyroid rat pups. Dev/ 
Psychobiol. 13: 343-351, 1980. 

. Johanson, I. B., G. Turkewitz and M. Hamburgh. Development 
of home orientation in hypothyroid and hyperthyroid rat pups. 
Devl Psychobiol. 13: 331-342, 1980. 

. Jost, A. Action du propylthiouracile dur la thyroide de foetus de 
rat intact ou decapites. C. r. Séanc. Soc. Biol. 153: 1903-1904, 
1957. 

. Jost, A., G. Moreau and C. Fournier. Date et ordre d’apparition 
des premieres centres d’ ossification chez le foetus de rat normal 
ou soumis au propylthiouracile. Archs Anat. microsc. Morph. 
exp. 49: 431-458, 1960. 

. Khamsi, F. and J. T. Eayrs. A study of the effects of thyroid 
hormones on growth and development. Growth 30: 143-156, 
1966. 

. Marwaha, J. and K. N. Prasad. Hypothyroidism elicits elec- 
trophysiological noradrenergic subsensitivity in rat cerebellum. 
Science 214: 675-677, 1981. 

. Nakashima, T., A. Taurog and G. Riesco. Mechanism of action 
of thiourelyne antithyroid drugs: Factors affecting intra- 
thyroidal metabolism of propylthiouracil and methymazole in 
rats. Endocrinology 103: 1287-1297, 1978. 

. Narayanan, C. H., M. W. Fox and V. Hamburger. Prenatal 
development of spontaneous and evoked activity in the rat. Be- 
havior 40: 100-134, 1971. 


. Narayanan, C. H. and Y. Narayanan. Reduction in coordinated 


activity between forelimbs and mouth as a result of induced 
hypothyroidism in rat fetuses. Anat. Rec. 196: 134A, 1980. 
(Abstract) 


. Narayanan, Y. and C. H. Narayanan. Administration of 


propylthiouracil to rats from early pregnancy through lactation 
Effects of suckling behavior of the offspring. Soc. Neurosci. 
Abstr. 6: 856, 1980. 

. Nicholson, J. L. and J. Altman. Synaptogenesis in the rat cere- 
bellum: Effects of early hypo- and hyperthyroidism. Science 
176: 530-532, 1972. 

. Nicholson, J. L. and J. Altman. The effects of early hypo- and 
hyperthyroidism on the development of rat cerebellar cortex: 1. 
Cell proliferation and differentiation. Brain Res. 44: 13-23, 
1972. 

. Nicholson, J. L. and J. Altman. The effects of early hypo- and 
hyperthyroidism on the development of rat cerebellar cortex: II. 
Synaptogenesis in the molecular layer. Brain Res. 44: 25-36, 
1972. 

. Oppenheim, R. W. Some aspects of embryonic behavior in the 
duck (Anas platyrhynchos). Anim. Behav. 18: 335-352, 1970. 

. Patel, A. J., R. M. Smith, A. E. Kingsbury, A. Hunt and R. 
Balazs. Effects of thyroid state on brain development: Mus- 
carinic acetylcholine and GABA receptors. Brain Res. 198: 
389-402, 1980. 

. Peiper, A. Cerebral function in infancy and childhood. In: The 
International Behavioral Science Series, edited by J. Wortis. 
New York: Consultants Bureau, 1963, pp. 396-429. 

. Prechtl, H. F. R. The directed head turning movements of the 
human baby. Behavior 13: 212-242, 1958. 

. Salas, M. and S. Schapiro. Hormonal influences upon matura- 
tion of the rat brains responsiveness to sensory stimuli. Physiol. 
Behav. 5: 7-11, 1970. 

. Schapiro, S., M. Salas and K. Vukovich. Hormonal effects on 
the ontogeny of swimming ability in the rat: Assessment of cen- 
tral nervous system development. Science 168: 147-151, 1970. 





NARAYANAN, NARAYANAN AND BROWNE 


370 


44. Sokoloff, L. Biochemical mechanisms of the action of thyroid 46. Taurog, A. The mechanism of action of the thiourelyne 
hormones: Relationship to their role in brain. In: Thyroid antithyroid drugs. Endocrinology 105: 488-492, 1976. 
Hormones and Brain Development, edited by G. D. Grave. 47. Wilson, L. M., S. P. Chang, S. J. Henny and D. L. Margules. 
New York: Raven Press, 1977, pp. 73-91. Suckling: Developmental indicator of genetic obesity in mice. 

. Stoloff, M. I., J. T. Kenny, E. M. Blass and W. G. Hall. The Devl Psychobiol. 14: 67-74, 1981. 
role of experience in suckling maintenance in albino rats. J. 
comp. physiol. Psychol. 94: 847-856, 1980. 





Physiology & Behavior, Vol. 29, pp. 371-376. Pergamon Press, 1982. Printed in the U.S.A. 


The Lee Obesity Index Vindicated?’ 


EARL L. SIMSON? AND RICHARD M. GOLD 


Psychology Department, University of Massachusetts, Amherst, MA 01003 


Received 31 August 1981 


SIMSON, E. L. AND R. M. GOLD. The Lee Obesity Index vindicated? PHYSIOL. BEHAV. 292) 371-376, 1982.— 
Correlations are reported for rats between the Lee Obesity Index and percent body fat. At weaning, rats were divided into 4 
groups: supermarket diet and ovariectomy, supermarket diet and sham surgery, Lab Chow pellets and ovariectomy, and 
Lab Chow pellets and sham surgery. Four other groups received the treatments as adults. Eighteen and fifteen weeks later, 
respectively, the rats were measured for Obesity Index and were sacrificed for carcass analysis. The Obesity Index 
correlated well with percent body fat for animals made obese by diet; but it was not generally reliable for ovariectomized 
rats or for pellet fed sham operated controls. The Percent body fat also correlated well with body weight and with a simple 
weight/length ratio for rats made obese by diet. Thus, while the Obesity Index can reliably predict percent body fat, it may 


be no better at doing this than are some simpler measures. 


Lee Obesity Index Body fat Dietary obesity 


Ovariectomy 





OBESITY is defined as the accumulation of excessive body 
fat. The direct measure of body fat, by carcass analysis, 
involves the sacrifice of the animal, is laborious, and is slow. 
Indirect measures of body fat are therefore typically used. 
Indirect measures of obesity could and probably should 
give an estimated body fat content, but most neglect to 
convert to percent fat. Nevertheless, the validity of the indi- 
rect measures of obesity should be based upon correlations 
with direct carcass analysis. 

Many studies, assuming that lean body mass is not altered 
by the particular manipulations used, simply use body 
weight as an indicator of relative obesity. A great improve- 
ment appeared to be achieved for rat studies with the use of 
the Lee Index [10,18] which corrects body weight for indi- 
vidual differences in body length. This is especially impor- 
tant when comparing rats over a range of ages, as bone 
growth never completely stops in rats; when comparing 
sexes, aS males grow longer than females; when evaluating 
brain lesions, which can affect both appetite and growth 
hormone release; and with dietary manipulations, which 
might stunt bone growth. The Obesity Index is easy to ob- 
tain, requiring only nose-anal length (NAL) measurement 
under anaesthesia, and body weight. 

The Obesity Index has been reliably correlated with per- 
cent fat by carcass analysis by Bernardis and Patterson [1]. 
They used rats made obese by hypothalamic lesions, and 
found a correlation between obesity index and carcass per- 
cent fat (dry weight) of .69 three weeks after VMH lesions to 
weanling rats of unspecified sex, and a correlation of .78 
thirty seven days after hypothalamic lesions in adult female 
rats. 

Recently, however, Stephens [17] has found correlations 
no better than .518 between percent fat deduced from body 





water (tritium dilution method) and obesity index in rats 
made obese by 100 days on a supermarket diet. Slightly bet- 
ter correlations were obtained between weight alone and 
percent fat (.539) as well as between a weight/NAL ratio and 
percent body fat (.618). Correlations between obesity index 
and percent fat were considerably lower within Stephens’ 
pellet fed control group (.150). 

Stephens’ disappointing correlations may be questioned 
on two accounts. First, he used an indirect measure of body 
fat, tritium dilution. Although this method has been shown to 
have .868 [15] and .950 [17] correlations with actual body fat, 
its use does introduce an error factor not found when direct 
measures of body fat are employed. Second, we find that the 
measurement of NAL can be subject to considerable error, 
as the lighter the ether anaesthesia, the shorter the rat meas- 
urement. “‘Light’’ ether anaesthesia produces widely vary- 
ing NAL measures even when repeated on the same rat. 
Deep anaesthesia, although it carries slightly greater risk, is 
in our experience the only way to get reproducible measures 
of NAL. Obesity indices based upon NAL measures in rats 
being sacrificed might, we suspect, be done under deeper 
anaesthesia than those taken in rats needed for further study. 
Bernardis and Patterson [1] were sacrificing their rats (for 
carcass analysis), while Stephens [17] was not. While it is 
only speculation on our part, the level of anaesthesia may 
have played a role in Stephens’ results. 

We undertook this study in order to test Stephens findings 
concerning dietary obesity in adults, but we decided to also 
determine whether the Obesity Index was a reliable indicator 
of body fat following ovariectomy, and ovariectomy in 
combination with supermarket diet, all in both weanling and 
adult female rats. 

We now report highly significant correlations between 
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FIG. 1. Mean (+SEM) Obesity Index plotted against mean (+SEM) percent body fat for all groups. The two lines represent 


conversion formulas from Obesity Index to percent body fat. 


obesity indices and percent fat for dietary obese rats using 
deep ether anaesthesia for the NAL measures and actual 
extraction carcass analysis for the percent fat. 


METHOD 


Weanling Manipulations 


The diets used in this study were either Purina Lab Chow 
pellets (Pellet) or a supermarket diet (SMD) consisting of 
sweetened whole milk (28.3% sucrose), chocolate chip 
cookies, peanut butter, and Lab Chow pellets. The 
sweetened milk was changed daily to prevent spoilage. Tap 
water was available for all animals regardless of diet. Thirty 
twenty-one day old female Charles River CD rats were indi- 
vidually housed. After an overnight adaptation to the diets 
(SMD or Pellets) and cages, ovariectomies (OVEX) or sham 
surgery (SHAM) were performed on all rats. The rats were 
randomly assigned to four groups; OVEX/SMD (N=10), 
SHAM/SMD (N=5), OVEX/Pellet (N=10), and SHAM/Pel- 
let (N=5). 

As expected, the treatments led to excessive body 
weight, but in all cases the onset of excessive weight gain 
was delayed. The delay was greater for the SHAM/SMD rats 
than for the OVEX/Pellet rats, but the SHAM/SMD rats sub- 
sequently gained more rapidly than the OVEX/Pellet rats 
[16]. The weights of the two groups (SHAM/SMD and 
OVEX/Pellet) converged at 21 weeks of age. We chose this 
point of body weight convergence to compare obesity indi- 
ces and actual fat content for all four groups. 


The rats were deeply anaesthetized with ether and naso- 
anal lengths were measured to the nearest mm and the rats 
were weighed to the nearest gram. Outside calipers were 
used for the naso-anal length measures. The rats were then 
sacrificed for carcass analysis. The formula used to compute 
the obesity index was: 


Obesity Index = (10*) ¥ BW (g)/NAL (mm) [1]. 


Adult Manipulations 


At a later date adult female Charles River CD rats, ap- 
proximately 14 weeks old, were individually housed and 
randomly assigned to the same four groups: OVEX/SMD 
(N=8), SHAM/SMD (N=7), OVEX/Pellets (N=8), 
SHAM/Pellets (N=7). Again, after overnight adaptation to 
the diets ovariectomies or sham surgery were performed. 
Fifteen weeks later, at 29 weeks of age, naso-anal lengths 
and body weights were measured under deep ether anaes- 
thesia, after which they were sacrificed for carcass analysis. 

Completeness of ovariectomy was checked at autopsy on 
all animals. Those rats in which ovarian tissue was suspected 
were not prepared for carcass analysis. These included two 
weanling OVEX/SMD, one weanling OVEX/Pellet, and one 
adult OVEX/Pellet rat. 


Carcass analysis 


A method [6] modified from Leshner et al. [11] was used. 
The 27 weanling-operated and 29 adult-operated rats were 
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FIG. 2. Individual Obesity Indices plotted against individual percent body fat. Symbols are the same as 


in Fig. 1. 
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FIG. 3. Mean (+SEM) weight/length ratio plotted against mean 
(+SEM) percent body fat. The line represents the conversion for- 
mula from weight/length to percent body fat. Symbols are the same 


as in Fig. 1. 


shaved, eviscerated (the stomach and intestine were re- 
moved, retaining the omental fat), weighed, and then oven 
dried to a constant weight (<1 g lost over 24 hrs) at 80-90°C. 
The oven drying was done in 2x 10x20 cm disposable alumi- 
num baking pans. The dehydrated carcass was ground in a 
Waring blender and a homogeneous sample (~0.5 g) was 
used for analysis. Lipid was extracted with petroleum ether 
(10 ml twice) and air dried for 48 hours. The fat contents 
were calculated by weight differences and are expressed as 


percent of wet weight. Multiple samples of randomly 
selected tissue produced a correlation coefficient of .97 indi- 
cating high test-retest reliability. 


Correlations 


Correlation coefficients between percent of fat and the 
Lee Index were calculated separately for each age of surgery 
as well as for both ages combined. Correlation coefficients 
were determined within each of the 4 surgery/diet groups, for 
all gonadally intact animals, for all pellet fed animals, as well 
as for the entire age group. Tests for significance were per- 
formed using t-tests. The multiple f-tests are justified by the 
highly significant correlation obtained for all rats combined 
(see below). Correlation coefficients between percent of fat 
and weight, and between percent of fat and weight/length 
were also calculated. 

RESULTS 


Mean (+SEM) Obesity Indices for each of the eight 
groups are plotted against percent body fat (+SEM) in Fig. 
1. The individual data are similarly plotted in Fig. 2. Mean 
(+SEM) weight/length ratios are plotted against percent fat 
in Fig. 3. Mean percent fat, Obesity Indices, body weight, 
length, and weight/length measurements for each condition 
are given in Table 1. 

Based upon all the animals, a conversion formula from 
the Obesity Index to percent body fat was computed: 


Percent fat = .73 (Obesity Index — 280.8). 


We have also computed a conversion formula for all the 
gonadally intact rats, as these are the typical groups used in 
any dietary obesity study. Thus, using just SHAM/pellet and 
SHAM/SMD groups (both weanling and adult): 


Percent fat = .69 (Obesity Index — 274.8). 





SIMSON AND GOLD 


TABLE | 
MEAN + SEM 





SHAM /Pellet 


OVEX/Pellet 


SHAM/SMD OVEX/SMD 





Weanlings 
% Fat 
Obesity Index 
Weight (g) 
Length (mm) 
Weight/Length 


14.17 
305.2 
294.60 
218.0 

ee 
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Adults 
% Fat 
Obesity Index 
Weight (g) 
Length (mm) 
Weight/Length 


17.35 + 
299.96 
299.3 


9,79 9 
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The conversion formula for all rats between 


weight/length ratio and percent body fat was: 


Percent fat = 39.7 (W/L — .93). 


Since indirect measures of obesity should be able to com- 
pare obesities across varying ages, we calculated correlation 
coefficients for each group, all gonadally intact animals, and 
all animals in each age category. This showed high (and sig- 


nificant) correlations for all groups combined (extreme right 
column), for all gonadally intact groups combined (second 
column from right) and for the SHAM/SMD and 
OVEX/SMD groups (but not for the weanlings). The lowest 
(and non-significant) correlations were obtained for the 
OVEX/Pellet and SHAM/Pellet groups. The correlations be- 
tween percent fat and body weight and between percent fat 
and a simple weight to length ratio were generally quite simi- 
lar to the correlations between percent fat and obesity index 
(Table 2). 


TABLE 2 
CORRELATIONS 





SHAM/Pellet OVEX/Pellet 


SHAM/SMD 


SHAM/Pellet 
and 
SHAM/SMD 


OVEX/Pellet 
and 
SHAM /Pellet 


All 


OVEX/SMD Groups 





Weanlings 


% Fat to Obesity 
Index 

% Fat to Weight 

% Fat to Weight/ 
length 


Adults 


% Fat to Obesity 
Index 

% Fat to Weight 

% Fat to Weight/ 
Length 


Weanlings and Adults 
Combined 


% Fat to Obesity 
Index 

% Fat to Weight 

% Fat to Weight/ 
Length 


.28 
.47 


Bi a 





*p<0.05; tp<0.01; tp<0.001. 
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DISCUSSION 


Given the wide range of Obesity Indices and fat contents 
achieved by pooling across groups, there were excellent cor- 
relations between the Obesity Index and percent body fat. 
Especially high correlations were found when only the 
gonadally intact rats were pooled. However, low non- 
significant correlations were found for the ovariectomized 
rats. Most researchers using the Obesity Index are not con- 
cerned with the relative degrees of obesity within experi- 
mental groups, but rather whether a group as a whole is more 
or less obese than a control group. In this regard, comparison 
between our ovariectomized and supermarket diet groups 
reveals that in weanling ovariectomized rats (and to a lesser 
extent in adult ovariectomized rats) the obesity index over- 
estimates the percent body fat. Thus, the obesity index is not 
recommended as an indicator of percent body fat after 
ovariectomy. Similar difficulties would be expected follow- 
ing male gonadectomy, with a reduction in muscle mass 
predicting falsely low percent body fat. It follows also that 
comparisons between sexes would require separate conver- 
sion formulas for each sex. Similar caution is suggested in 
evaluating the degree of obesity following sex-hormone ma- 
nipulations (e.g., [13]). Caution is also in order for manipula- 
tions that would alter body water. 

The Obesity Index correlated well with body fat whether 
the dietary manipulatjons were done at weaning or in adult- 
hood. Combining age groups also yielded a significant corre- 
lation between Obesity Index and percent body fat, although 
this does not tax the measure much, as at the time of sac- 
rifice they were fairly close in age, being 21 and 29 weeks old 
respectively. Combining the typical dietary obesity study 
groups (SHAM/Pellet and SHAM/SMD) gave high correla- 
tions within each age group as well as for weanlings and 
adults combined. Combining the typical ovariectomy study 
groups (SHAM/Pellet and OVEX Pellet) was less reliable 
(Table 2, 3rd column from right). 

Our finding of a high correlation between Obesity Index 
and percent body fat for dietary obesity is not in agreement 
with Stephens [17]. We have already suggested that 
Stephens’ low correlation could be due to his use of an indi- 
rect measure of percent body fat, whereas we used a direct 
measure. In addition we have mentioned that he might have 
used light anaesthesia to measure body length. Stephens 
used hooded males whereas Bernardis and Patterson [1] and 
the present data are for female rats. 

While our findings are not in agreement with Stephens 
[17] concerning correlations between Obesity Index and per- 
cent body fat, we do support his finding that weight/length is 
an equally good predictor of body fat. What was surprising 
were the also equally good correlations between body weight 
and body fat. 

The dietary obesity of the present study should not have 
(and did not) differentially influenced body length. There- 
fore, the body length correction (built into both the Obesity 
Index and weight/length ratio) only reduced variability due 
to age (21 vs 29 weeks old) and to random differences in 
linear growth. With manipulations that might also affect 
linear growth, such as brain lesions [2, 3, 4, 5, 12, 14], the 
Obesity Index continues to remain an important tool. How- 
ever, as seen in our ovariectomized weanlings, it should be 
backed up by carcass analysis. Once a high correlation has 
been found for a particular form of obesity, the Obesity 
Index can then be reliably employed in subsequent related 
studies, as it has in brain lesion obesity. However, for 


ovariectomized weanlings Obesity Index is not an accurate 
assessment of body fat. Even with brain lesion obesity cau- 
tion is urged as some of the excess weight gained after some 
hypothalamic lesions could be secondary to lesion-induced 
ovarian dysfunction. 

Other studies using different models of obesity have re- 
ported an increase in body fat despite the lack of an increase 
in body weight. This has been shown to be the case in weanl- 
ing VMH rats [2, 3, 7], sucrose-water fed rats [8], and MSG 
treated rats [9]. In such studies the obesity index can be an 
especially useful tool to non-invasively evaluate the state of 
obesity at stages during the course of a study, with perhaps a 
carcass analysis at the end. 

In the present study body weight correlated quite well 
with percent body fat. If one calculates the excess body 
weight and the excess body fat of the supermarket diet fed 
rats, one finds that the entire excess body weight can be 
accounted for by the excess fat. For example: In the adults, 
the average body weight of a SHAM/SMD rat is 125.4 g more 
than that of an average SHAM/Pellet rat. This average 
animal also has 120.7 g more body fat. Thus for dietary obe- 
sity one would expect percent fat to correlate well with body 
weight. 

For the present report we used outside calipers to meas- 
ure length. Since completing this work we have developed 
what appears to be an even more accurate method of measur- 
ing length. Briefly, it involves placing the rat on its back ona 
table top and clamping the tail in a test-tube clamp affixed to 
a ring stand such that the anus end of the measurement can 
be fixed and adjusted by itself. The anaesthetized rat is then 
gently stretched using an incisor hook attached via string to a 
150 g weight hanging freely over the edge of the table. 
Lighter weights equal roughly to 50% of control group body 
weights should be used for small rats. The position of the 
nose is then read off a ruler lying underneath the rat. Cotton 
soaked in ether is placed over the nose and mouth to main- 
tain/deepen the anaesthesia. Nose-anal readings are repeated 
until no further lengthening occurs for 15-30 sec. Once the 
stretching begins it takes 2-3 minutes to reach the end point. 
Obesity indices obtained for adults with this stretching pro- 
cedure will be some 10 points lower than without it (e.g., 310 
vs 320). Although this new measurement procedure will be 
described and documented elsewhere at a later date, we 
mention it here lest our report prompt anyone to embark 
upon further correlations using the probably inferior tech- 
nique used heretofore and in the present report. 

The main findings of this study is that reports in the past 
that have used the Obesity Index as a measure of increased 
body fat in non-gonadectomized rats are still valid, provided 
that deep anaesthesia has been used. Although deep anaes- 
thesia may seem to place the rats at risk, we rarely ever lose 
an animal. Occasional cessation of respiration is corrected 
with a few puffs of artificial respiration from a piece of rub- 
ber tubing. Rats undergoing rapid weight gain on supermar- 
ket diet or following hypothalamic knife-cuts continue to 
gain weight without interruption. 

However, we also find that use of a weight/length ratio is 
just as accurate. Since most of the effort in obtaining the 
Obesity Index is in measuring accurately the naso-anal 
length, which is then plugged into the Obesity Index formula 
or simply divided into weight, the present data indicate little 
advantage one way or the other. The Obesity Index is simple 
to derive with a calculator. Since the Obesity Index has been 
used widely, its continued use would make for easy cross- 
study comparisons. The excellent percent fat to weight cor- 
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relations that we obtained for rats of approximately equal ing ages. Whether the Obesity Index, weight/length ratio, 
age (greatest differences 21 vs 29 weeks of age, yielding only and the conversion to percent fat formulas that we present 
a mean 5.4 mm difference between ages in NAL) surely will stand up to such comparisons remains to be determined. 
would not hold in comparisons between rats of widely differ- 
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PIETREWICZ, A. T., M. HOFF AND S. HIGGINS. Activity rhythms in the Mongolian gerbil under natural light 
conditions. PHYSIOL. BEHAV. 292) 377-380, 1982.—Male and female Mongolian gerbils (Meriones unguiculatus) were 
maintained from birth under natural light conditions. They were observed in adulthood over 24-hour periods for the 
occurrence of locomotion, digging, scrabbling, sleeping, grooming, eating and drinking. The animals exhibited a crepuscu- 
lar activity rhythm in all behaviors except drinking. Peak activity levels occurred at approximately 6-8 a.m. and 6-8 p.m., 
the hours of day which encompassed dawn and dusk. There were no sex differences in the rhythmic cycling of activity. 
Results are discussed in relation to basal metabolic rate of the animals, nutritional requirements and ambient temperature 


conditions. 


Mongolian gerbil Activity rhythms 


THE Mongolian gerbil (Meriones unguiculatus) has recently 
become a popular animal for behavioral and physiological 
research. Unfortunately, little information is available on the 
natural behavior patterns of this species in the field. In par- 
ticular, it has been disputed whether the gerbil is a nocturnal 
animal with a relatively unimodal activity pattern, or 
whether the activity pattern is bimodal and crepuscular. 
Thiessen et al. [9] and Roper [5] found that gerbils showed 
nocturnal rhythms of wheel-running when maintained on a 
LD 12:12 light cycle. Thiessen and Yahr [10] reported that 
gerbils’ territorial scent-marking occurred more often dur- 
ing the dark phase of a similar cycle. In other activities such as 
grooming, feeding, drinking, digging and exploration, gerbils 
have also been reported to show nocturnal activity peaks [4]. 
On the other hand, Stutz [8] conducted an extensive 13-month 
study of spontaneous tilt-box movement, and found that 
gerbils were crepuscular, having an activity peak during the 
offset of light on a LD 12:12 cycle, and another peak one 
hour after the onset of light. Although Stutz found some 
seasonal variation in activity levels, the animals maintained 
essentially a crepuscular cycle throughout the year. 

Although cyclic activity patterns in some form are typi- 
cally maintained under constant, artificial light cycles [5,6], 
the use of such artificial light-dark conditions is primarily 
useful in determining such things as effects of entrainment on 
the stability of an endogenous rhythm. It is thus crucial to 
determine the general rhythms of a species under more nat- 
uralistic conditions, before manipulating light cycles artifi- 
cially. This study investigated activity rhythms in gerbils 
maintained from birth under natural light cycles. 

This study additionally attempted to simulate more nat- 
ural conditions of a social environment. Previously cited 





studies used individually housed animals. Because the gerbil 
is a highly social, rather than solitary, animal, it was 
anticipated that the behavior of the animals in this study 
might more closely approximate behavior in the field. Fur- 
thermore, if this study demonstrated activity rhythms similar 
to those found in previous research, then use of individually 
housed animals would be validated as an appropriate proce- 
dure for the study of activity rhythms. 

One final purpose of this study was to assess sex differ- 
ences in gerbil activity cycles. Most previous research has 
studied the rhythmic activity of gerbil males only, with the 
exception of Roper [7], who found sex differences in wheel 
running during the light phase of the cycle. This study eval- 
uated a total of 7 behaviors, in order to obtain a more com- 
plete behavioral profile than that allowed by recording of 
tilt-box or wheel running activity. 


METHOD 
Subjects 
Eight adult (120-140 days) Mongolian gerbils (Meriones 


unguiculatus) were used. The animals were housed in 2 
groups, with 2 males and 2 females in each group. The 
animals in each group were siblings, and had been housed 
together since birth. They were maintained in glass aquarium 
tanks 55.9x30.5x30.5 cm, and were supplied with wood 
chip bedding. Animals had free access to food (Wayne Co. 
Lab Blox) and water. Natural daylight was provided through 
2 windows each measuring 1.22x2.43m. The home cages 
were located so that the animals were not in direct sunlight. 
The animals were marked for individual identification by re- 
moval of a patch of body hair with a cream depilatory. Off- 
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spring of test animals were removed at least 2 weeks prior to 
testing. 


Procedure 


Observations were conducted in the autumn; at that time 
the animals were exposed to approximately 11 hours of day- 
light and 13 hours of dark. Because results of previous re- 
search [8] found that the form of gerbil activity rhythms do 
not change with season, behavioral observations during this 
season alone were assumed sufficient for the purposes of this 
study. During the dark phase of the cycle, dim light was 
provided by 2-25 W red light bulbs positioned behind the 
home cages. These lights were present only during the period 
of observation. Temperature ranged from 24-27°C during the 
day, to 18-23°C at night. 

Animals were observed using a 1-0 sampling method with 
15-second intervals. Each animal was observed for a 15- 
second interval every 10 minutes throughout the testing 
period. During the 15-second sampling interval, the presence 
or absence of each of 7 target behaviors was recorded. Ob- 
servations were conducted for 3 complete 24 hour periods 
(72 hours) spaced at least one week apart. Thus, for each 
animal there were 144 time samples per 24 hour period. The 
order in which the 8 animals were observed was randomized 
hourly. 

The following behaviors were recorded during the testing 
period: 


Locomotion—Activity in which all 4 limbs were moving, 
and the animal displaced itself in space. 


Digging—Pawing movement of the forelimbs in the bed- 
ding material, usually accompanied by kicking movement of 
hindlimbs. 


Scrabbling—Pawing movement of forelimbs against the 
sides of the home cage, not accompanied by kicking of 
hindlimbs. 


Sleeping—Animal immobile with eyes closed. 


Self-grooming—Animal licks and paws its own coat; 
face-washing with forepaws. 


Eating—Chewing of food pellets; frequently observed 
chewing of bedding material was not categorized as eating. 


Drinking—Licking water from available water bottle 
tube. 


These behaviors were selected on the basis of preliminary 
observations in this laboratory, and were found to be the 
most frequently occurring responses of captive gerbils in a 
social environment. Interobserver agreement on the occur- 
rence of these behaviors was 95% or above for each behav- 
ioral category. 


Data Analysis 


The total number of intervals in which each behavior oc- 
curred in 2-hour time blocks was calculated for each animal. 
These totals were converted into a percentage score, reflect- 
ing the mean percentage of intervals in which the behavior 
occurred in a 2 hour block. The effects of time of day and sex 
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PERCENTAGE OF INTERVALS 








HOURS 


FIG. 1. Mean percentage of intervals/animal in which locomotion 
(LM), digging and scrabbling (DG/SC) and sleep (SL) occurred, as a 
function of hours of the day. O indicates midnight, DN the hours 
including dawn (6-8 a.m.), and DK the hours including dusk (6-8 
p.m.). 


of the subject upon each activity were assessed using 
analysis of variance (ANOVA) procedures. 


RESULTS 


The animals exhibited a clear rhythmic pattern of behav- 
ior, with the exception of drinking. Figure | presents the 
mean percentage of intervals in which locomotion, digging 
and scrabbling, and sleep occurred as a function of time of 
day. Locomotion was observed in more intervals during the 
hours of dawn and dusk than during other times of the day. 
Although this activity was observed in all 2-hour blocks of 
time, the effect of time of day upon locomotor activity was 
significant, F(11,66)=20.35, p<0.01. The data for digging 
and scrabbling were combined in this figure, because of the 
topographical similarity between these activities. Peak levels 
of these behaviors were also observed during dawn and 
dusk. The effect of time of day upon scrabbling was signifi- 
cant, F(11,66)=14.76, p<0.01, as was this effect upon dig- 
ging, F(11,66)=8.26, p<0.01. The pattern of sleep paralleled 
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PERCENTAGE OF INTERVALS 








HOURS 


FIG. 2. Mean percentage of intervals/animal in which eating (ET) 
and self-grooming (GR) occurred, as a function of hours of the day. 
O indicates midnight, DN the hours including dawn (6-8 a.m.), and 
DK the hours including dusk (6-8 p.m.). 


the rhythmic activity patterns. The effect of time of day upon 
sleep was significant, F(11,66)=39.89, p<0.01, with minima 
occuring during the hours of dawn and dusk. 

The patterns of eating and self-grooming as a function of 
time of day are presented in Fig. 2. Eating occurred in signif- 
icantly more intervals during dawn, prior to dusk, and during 
dusk then at other times, F(11,66)=15.46, p<0.01. Self- 
grooming occurred in a rhythm more variable than that of 
other behaviors, but the effect of time upon this behavior 
was significant, F(11,66)=50.56, p<0.01. Drinking was the 
only behavior which did not vary significantly as a function 
of time. This result may have been due to the fact that drink- 
ing was observed infrequently (mean=0.28% of the intervals 
per 2-hour block of time). 

The statistical analyses for all 7 behaviors revealed no 
significant interaction between sex of the subjects and time 
of behavioral occurrence. This result indicates that there 
were no sex differences in the rhythmic pattern of behavior, 
and that the grouped curves presented above are representa- 
tive of each of the sexes. There was, however, a significant 
difference between males and females in the overall occur- 
rence of one of the observed behaviors. Table | presents the 
mean percentage intervals in which behaviors occurred for 
males and females. Drinking was observed significantly 
more often in males than in females, F(1,3)=50.12, p<0.01. 


DISCUSSION 


The results show crepuscular, bimodal activity rhythms 


TABLE |! 


MEAN PERCENTAGE INTERVALS IN WHICH BEHAVIOR 
OCCURRED PER 2-HOUR PERIOD 





Males Females 





Locomotion 21.2 22.0 
Sleep 55.3 47.6 
Digging 6.1 5.6 
Scrabbling 9.4 9.3 
Eating $35 $.3 
Self-Grooming 6.3 8.3 
Drinking* 1.1 0.1 





*Significant difference between sexes, p<0.01. 


in gerbils maintained under natural light conditions in a so- 
cial environment. The results of this study should be consid- 
ered in light of previous research on ecological and physi- 
ological correlates of cyclic activity patterns. In a compara- 
tive study of 14 species of muroid rodents [2], it was found 
that Peromyscus is nocturnal, Microtus is acyclic, and Mus 
musculus is nocturnal. The authors found a relationship be- 
tween cyclicity and both basal metabolic rates (BMR) and 
feeding patierns. Acyclic patterns appear related to high en- 
ergy requirements, feeding throughout the day, and a mod- 
erately cold environment, as characterizes Microtus. On the 
other hand, Peromyscus, displaying rhythmic feeding pat- 
terns, has a lower BMR and lower energy requirements. 
These trends may be considered for the gerbil, because ger- 
bils (Meriones), Peromyscus and Microtus are all members 
of the same taxonomic family Cricetidae [10]. The Mongo- 
lian gerbil has comparatively low BMR and energy require- 
ments, relative to the acyclic Microtus [1]. On the basis of 
this factor alone, one would predict that the gerbil would be 
either crepuscular or nocturnal, as was found here and in 
previous research [4, 7, 8, 9, 10]. 

Whether Mongolian gerbils display a crepuscular or noc- 
turnal rhythm might be determined by laboratory conditions. 
It has been suggested that the appearance of either of these 
rhythms is related to ambient temperatures for animals with- 
out high energy and nutritional requirements [2]. These au- 
thors found that Peromyscus eremicus, a desert rodent that 
displays a crepuscular rhythm in a high ambient tempera- 
ture, was nocturnal when kept under moderate tempera- 
tures. In view of such findings, it may be suggested that the 
Mongolian gerbil displays different rhythmic patterns with 
varying ambient temperatures. 

This study also found no sex differences in the rhythmic 
behavior pattern of gerbils. Roper [7] found that male gerbils 
displayed wheel-running activity during the light phase of a 
LD 12:12 cycle, while female gerbils did not. The discrepan- 
cies between Roper’s results and those of the present report 
might be due to the behavioral measures used (wheel- 
running as opposed to other behaviors), or to differences in 
environmental variables (lighting, temperature, social or 
solitary housing). It is clear, however, that the question of 
sex differences in activity rhythms must be investigated 
further. 

It is difficult at this point to conclude which type of 
rhythm is endogenous for the gerbil. One variable that 
should be considered in this question is the actual behavioral 
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measure used to assess cyclicity, as cycles may differ among 
various behaviors. Microtus arvalis, for example, has been 
found to exhibit nocturnal wheel running, but feeding was 
exhibited during both day and night [3]. It has further been 
suggested that feeding rhythms are endogenous, and are at 
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least not dependent on light changes [2]. Here, it was found 
that gerbils feed in a clear crepuscular rhythm, but it remains 
to be determined whether this behavioral rhythm is endoge- 
nous for the gerbil, and not dependent upon light and/or 
temperature conditions. 


REFERENCES 


. Altman, P. L. and D. S. Dittmer. Biology Data Book, vol. 3. 
Bethesda: Federation of American Societies for Experimental 
Biology, 1964, p. 1615. 

. Baumgardner, D. J., S. E. Ward and D. A. Dewsbury. Diurnal 
patterning of eight activities in 14 species of muroid rodents. 
Anim. Learn. Behav. 8: 322-330, 1980. 

. Daan, S. and S. Slopsema. Short term rhythms in foraging be- 
havior of the common role, Microtus arvalis. J. comp. Physiol. 
A127: 215-227, 1978. 

. Lerwill, C. J. Activity rhythms of Goldern hamsters (Mesoc- 
ricetus auratus) and Mongolian gerbils (Meriones unguiculatus) 
by direct observation. Proc. zool. Soc. Lond. 174: 520-523, 


1974. 
. Menaker, M. Biological clocks. Bioscience 19: 681-689, 1969. 


6. Pittendrigh, C. S. and S. A. Daan. A functional analysis of 
circadian pacemakers in nocturnal rodents. I. The stability and 
lability of spontaneous frequency. J. comp. Physiol. 106: 223- 
252, 1976. 

. Roper, T. J. Sex differences circadian wheel running rhythms in 
the Mongolian gerbil. Physiol. Behav. 17: 549-551, 1976. 

. Stutz, A. M. Diurnal rhythms of spontaneous activity in the 
Mongolian gerbil. Physiol. Zool. 45: 325-334, 1972. 

. Thiessen, D. D., G. Lindzey, S. Blum, A. Tucker and H. C. 
Friend. Visual behavior of the Mongolian gerbil. Psychon. Sci. 
11: 23-24, 1968. 

. Thiessen, D. D. and P. Yahr. The Gerbil in Behavioral Investi- 
gations. Austin: University of Texas Press, 1977. 





Physiology & Behavior, Vol. 29, pp. 381-385. Pergamon Press, 1982. Printed in the U.S.A. 


Copulation Increases Offensive Attack 
in Male Rats 


KEVIN J. FLANNELLY, ROBERT J. BLANCHARD, MILES Y. MURAOKA 


Department of Psychology 
AND 
LAURA FLANNELLY 
School of Nursing, University of Hawaii, Honolulu, HI 96822 


Received 12 December 1981 


FLANNELLY, K. J., R. J. BLANCHARD, M. Y. MURAOKA AND L. FLANNELLY. Copulation increases offensive 
attack in male rats. PHYSIOL. BEHAV. 292) 381-385, 1982.—Twenty-four adult male rats with previous sexual experi- 
ence were tested for aggression against intruders after one of four treatments (n=6 per treatment): exposure to inaccessible 
estrous females; exposure to anestrous females; no female exposure, or copulation to ejaculation. Although both exposure 
to inaccessible estrous females and copulation significantly decreased latency to attack only copulation produced signifi- 
cant elevation of intensity and duration of attack. Results are discussed in reference to the role of aggression in maintaining 
priority of access to females, and as a means of assuring paternity of offspring by dominant males. 


Attack Inter-male aggression 
Territorial aggression 


Aggression 
Reproduction 


Offense 


Rats Copulation Sexual behavior 





INCREASED intermale aggression often precedes the re- 
productive period of seasonally breeding animals [36]. This 
heightening of hostility appears to be mediated by increasing 
testosterone production or rise in leutenizing hormone (LH) 
occurring at this time [17, 29, 39]. While testicular growth 
appears to be a response to seasonal variations in tempera- 
ture and climate in some species [5], in others it is mainly 
dependent upon cues emanating from sexually active 
females [5,17]. 

The breeding season of Rattus norvegicus extends from 
March through September in temperature climates [10], and 
even domestic male rats show an annual cyclicity in 
androgen and LH levels which corresponds to this breeding 
pattern [26]. While exposure to olfactory cues of estrous 
females does not raise the testosterone production of sexu- 
ally naive male rats copulation itself does appear to do so 
[19, 21, 35]. 

A number of studies have found that cohabitation with 
females enhances territorial aggression in male rats [2, 3, 4, 
15]. It has been suggested [15] that the increased aggression 
found in these studies is the result of elevated testosterone 
levels associated with copulation, but the physiologic basis 
of this behavioral effect has not been established. While it 
has clearly been shown that a certain basel level of testos- 
terone is necessary for the display of aggression in the rat [1, 
12, 22] as in other mammals, LH or various androgen 
metabolites may contribute to aggressive responsiveness 





[11, 29, 30]. Indeed, it has not been demonstrated that the 
observed increase in male aggression accompanying cohabi- 
tation with females is even dependent upon copulation. 
Taylor’s work [32, 33, 34], for instance, indicates that brief 
presentation of an estrous female is sufficient to increase 
aggression in sexually experienced male rats and similar ex- 
posure has been shown to temporarily elevate plasma testos- 
terone and LH levels in rats [21, 22, 31] and mice [25]. Cer- 
tain methodological problems with Taylor’s experiments 
(e.g. the inclusion of non-aggressive behaviors such as crawl 
over or crawl under and even copulatory acts in his aggres- 
sive score) make his results difficult to interpret, however. 
The present experiment was designed, therefore, to test the 
hypothesis that copulation increases aggression in male rats. 


METHOD 
Animals 


Subjects were 24 adult male Long-Evans rats, 110-135 
days of age, bred in our laboratory from a stock originally 
purchased from Perfection Breeders, Douglaston, PA. They 
were selected from a larger group of age mates on the basis 
of their aggressive response to male conspecifics placed into 
their home cage (see Subject Selection). An additional 48 
males of the same strain and approximately the same age, 
socially housed in like-sex groups since weaning, were used 
as intruders for aggression tests. Twelve ovariectomized 
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TABLE | 


THE AGGRESSIVE RESPONSES (MEAN + SE) OF MALES TO INTRUDERS BEFORE AND AFTER 
10 MIN EXPOSURE TO FEMALES 





Copulation 
with Estrous 
Females 


Inaccessible 


Estrous 
Females 


Castrated 


Females Control 





Latency to: 
Piloerect 410.0 + 120.2 


135.7 + 48.7 


326.6 
124.0 


91.2 
106.8 





434.0 + 106.8 
176.5 50.1 


Offense 


21 


382.5 


1.3 


87.8 
123.5 








600.0 
259.0 + 


First bite 
54.9 


463.6 
278.6 


103.7 
118.3 








Duration of: 
Lateral attack Pre 


Post 


32.5 
49.5 


10.7 
26.9 





Pre 
Post 


On-top-of 


0.0 
0.7 


6.6 
5.8 





Pre 
Post 


Boxing 


0.2 
0.7 


0.2 
0.2 





Pre 
Post 


Biting 


2.8 
7 


0.9 
1.8 





Pre 
Post 


Wound Score* 
2.0 


1.8 
0.3 


0.3 
3.3 











*Significant difference (p<0.05) across four conditions on Kruskal-Wallis analysis of variance by ranks. The 
Mann-Whitney ‘‘U”’ test was used to make subsequent paired comparisons. Groups underlined by same line do not 


differ significantly from one another on post-exposure test. 
+Wound score for subjects in the copulation condition differs significantly from the inaccessible female condition 


but not from the castrated female condition. 


adult females were used as stimulus animals according to the 
procedures described below. 


Subject Selection 


Approximately 80 males intended for use as aggressors 
were reared in like-sex littermate groups of 4-6 until puberty 
when groups of non-littermates (3-5 males per cage) and 
several females were formed. After 2-3 weeks, new groups 
were formed with the stipulation that each male was placed 
with unfamiliar males of approximately the same age. After 
another week or two of mixed-sex housing, males were again 
shuffled about to form new groups. Individuals which 
showed offensive behavior during the establishment of each 
group had their tails marked with indelible dye. If one or 
more males showed offense at colony formation, that group 
was subsequently tested to see the response of these males 
toward unfamiliar adult males placed into the colony cage. 
Males which showed lateral attack (Grant and Mackintosh’s 
offensive sideways posture [18]) were then separately 
housed with females for 2-3 weeks before a final pretest. The 
24 males used in the present study attacked and bit an in- 
truder at least once during this final 10-min intruder test. 
Intruders were not taken from this pool of animals. 


Procedure 


Each subject was randomly assigned to one of four treat- 
ment conditions: (1) exposure to two nonestrous females; (2) 
exposure to two inaccessible estrous females; (3) exposure 
to two accessible estrous females and (4) a non-female con- 
trol condition. All subjects received two 10-min aggression 
tests, 20 min apart, with treatment interposed between tests. 
Aggression was tested by introduction of an unfamiliar adult 
male conspecific into the subject’s home-cage. 

Subjects in the control group (condition 4) remained alone 
in their home cages during the 20 min between tests. In con- 
dition 1, two castrated females were placed into each sub- 
ject’s respective home-cage for 10 min immediately after the 
removal of the male intruder at the end of the first aggression 
test. These females were then removed and the subject left 
alone for an additional 10 min before the second intruder test 
was begun. In condition 2, two females brought into estrus 
by injections of estradiol benzoate (20ug at 48 and 24 hr 
before testing) and progesterone (0.5 mg 6 hr before testing), 
were put into the subject’s home cage and remained there for 
10 min. Females in condition 2 were separated from the sub- 
ject by a hardware-cloth partition. During their 10 min with 
the subject, at least one female of each pair showed repeated 
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darting, hopping and ear-wiggling. In condition 3, two estr- 
ous females were placed into the home-cage and the subject 
allowed to copulate until a single ejaculation was achieved. 
Since subjects were all sexually experienced, each achieved 
ejaculation within 8-12 min. The second aggression test was 


begun 20 min after termination of the first test as in the other _ 


conditions. 

During both 10-min aggression tests, the subject’s latency 
to piloerect, to first offensive behavior and to first bite, du- 
ration of biting attack, lateral attack, on-top-of, and boxing 
were recorded. These measures are described elsewhere 
[6,7] and are comparable to the offensive postures of Grant 
and Mackintosh [18] termed attack, offensive sideways, ag- 
gressive, or full aggressive, and offensive upright postures, 
respectively. Frequency of mounts on the intruder was also 
recorded. After the test, the intruder was carefully examined 
for wounds and a wound score determined according to the 
formula given by Luciano and Lore [24]. 


RESULTS 


The change in aggression from the first to the second test 
(difference scores) was analyzed across conditions by a 
Kruskal-Wallis analysis of variance by ranks performed upon 
each measure. The Mann-Whitney U test was used to make 
subsequent paired comparisons for those measures found to 
differ significantly across all conditions. 

As seen in Table | exposure to estrous females decreased 
latency to piloerection, offensive attack and biting whether 
or not males were allowed to copulate. One male in each 
condition of exposure to estrous females showed sexual be- 
havior toward intruders on their second test; each mounted 
its intruder six times before initiating attack. Intruders 
showed no offensive behavior in these or any other tests. 

While the 10-min presentation of inaccessible estrous 
females decreased latency to initiate offensive behavior and 
biting, it failed to facilitate aggression on any other measure 
taken. Paired comparisons made upon the three remaining 
significant measures—bite duration, on-top-of, and intruder 
wound score—indicated that significant overall differences 
among conditions (p<0.05) were mainly attributable to the 
increased aggression of males which copulated to ejaculation 
between tests. 

Five of six males in the copulation condition showed en- 
hanced postcopulatory aggression on all eight measures 
taken except boxing. (Previous research [6,7] indicates that 
boxing is a rather equivocal measure of offense.) The sixth 
animal showed nearly identical, brief latencies to piloerec- 
tion and offense on both tests. It failed to show on-top-of 
behavior on either test but increased in aggressiveness after 
copulation, on all other measures. The response of subjects 
exposed to castrated females or inaccessible estrous females 
was not consistent. Although three subjects exposed to cas- 
trates and five presented inaccessible estrous females 
showed decreased latency scores on test 2, only two subjects 
in each group showed increased biting, on-top-of behavior, 
or wounding of intruders. Indeed, the elevated wound score 
of subjects exposed to castrates is the result of intense attack 
by only two males in that group. The other males in that 
group failed to wound intruders. As can be seen in the table, 
control values on all measures were essentially the same on 


both aggression tests. 


DISCUSSION 


The present results reveal that copulation to ejaculation 
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dramatically increases intensity of attack, as well as decreas- 
ing latency to offense. This facilitation of aggression by 
copulation agrees well with similar recent results in mice 
[13]. Numerous studies have found that cohabitation with 
females increases aggression in both of these species (e.g., 
[3, 4, 9, 15, 28]). Previous evidence was only suggestive, 
however, that this heightened aggression was the result of 
copulatory experience. The present experiment shows that 
even a single ejaculation causes an elevation in offensive 
behavior. De Catanzaro’s [13] work with mice indicates that 
ejaculation need not be achieved in order for this copulatory 
enhancement of offensive attack to occur. Although limited 
copulatory behavior may produce only a transient elevation 
of aggression, it seems likely that repeated copulation 
underlies the observed increase in aggression of male rats 
and mice housed with females. 

Although brief presentation of inaccessible estrous 
females also decreased latency to piloerection and the initia- 
tion of offense, no other measures of aggression were af- 
fected by this manipulation. Males exposed to estrous 
females though faster to start fighting a male interloper, were 
no more intense in their aggression than were control sub- 
jects. These results appear to be in contradiction to those of 
Taylor [32, 33, 34], though it is difficult to determine from the 
measures used by him, whether aggression, sexual behavior 
or social investigation were, in fact, enhanced by exposure 
to inaccessible females. This failure to replicate his results 
point to the problem of combining various measures into a 
single score. The suitability of combining various behaviors 
into a composite score has recently been criticized on the 
grounds that behaviors collectively termed aggression may 
be under different neuroendocrine control and vary inde- 
pendently of one another; multiple measures should there- 
fore be examined individually [20,27]. 

As already mentioned, laboratory studies indicate that 
male rats (wild and domestic) living alone or in same sex 
groups are far less aggressive than males living with females 
[2, 3, 6, 15]. These lab findings are corroborated by Cal- 
houn’s [10] observations that a few highly aggressive males 
which controlled territories in his study all resided with 
females. The majority of males, on the other hand, were 
non-aggressive and lived together in large like-sex aggre- 
gates. We may suppose from the limited data available that 
seasonal elevation in testosterone and/or LH induces male 
combat in male Rattus norvegicus as it does in other species. 
The outcome of territorial fights may determine, in part, the 
distribution of females among local males. However natural 
groups of males and females are formed, once a colony is 
established, aggression toward strange males will be further 
enhanced in those males living with females. This chronic 
elevation of aggression would then serve to assure future 
priority of sexual access to females through the exclusion of 
sexual competitors from the area of habitation. 

But the social groupings of wild rats typically contain a 
number of males, as well as females [7,10]. And while domi- 
nant (alpha) males of a colony will violently repel sexual 
competitors (i.e. unfamiliar adult males) from the group’s 
living area [7, 10, 23] colony males themselves are competi- 
tors for access to females. Is sexual access to females shared 
equally among colony males? In large groups in which two or 
even three alpha males of comparable dominance status may 
coexist within a colony, such males have been observed to 
copulate freely with estrous females [2]. Other observations 
[16] indicate that when a single alpha male exists within a 
colony, it may successfully deny other colony males access 
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to estrous females. Recent work in our own laboratory pro- 
vides strong evidence that alpha males have a greater likeli- 
hood of copulating with females than do other colony males 
[8]. The resultant effect of this copulatory advantage on re- 
productive success may be surmised from a few relevant 
studies. Thor [36] and Thor and Carr [37] report that aggres- 
sively dominant males achieve more ejaculations than do 
subordinate males when tested with a single female. In addi- 
tion, the dominant males are more likely to have the final 
ejaculation. This same pattern of greater frequency of ejacu- 
lation and finality of ejaculation is reported to significantly 
increase the proportion of offspring sired during similar 
two-male tests [14]. 

Beyond the apparent advantage of dominant males to sire 
more young in tests of direct copulatory competition, 
presumably, they are more easily able to exclude other males 
from the vicinity of receptive females in the wild than in a 


FLANNELLY FT AL. 


test arena in the laboratory. An alpha male of a colony not 
only is capable of excluding strangers from its territory [10] 
but also quite able to send male colony members fleeing for 
the safety of their burrows [16]. Yet, even in a simple labora- 
tory setting a dominant male can prevent copulation by sub- 
ordinates with a few intense attacks [37]. Since normally 
aggressive male rats maintain their aggressive responsive- 
ness while engaged in copulation and even during the sexu- 
ally quiescent post-ejaculatory period, they can preclude 
other males from copulating with the same female [38]. This 
is vitally important since immediate subsequent copulation 
would dislodge the seminal plug of the preceding male. The 
present results indicate that aggressive tendencies increase 
after copulation such as to further assure the alpha’s parent- 
age of offspring within its colony or territory by aggressively 
defending its ejaculate. 
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DAY, H. D. AND Y. K. HAN. Time-dependent recovery from electroconvulsive shock-induced amnesia. PHYSIOL. 
BEHAV. 292) 387-391, 1982.—To examine time-dependent recovery from ECS-induced amnesia, 44 hooded rats were 
trained to leverpress for food. On treatment day the first leverpress was followed by footshock and ECS or sham ECS 
(SECS). Animals in both treatment conditions then experienced a 10-min extinction session either | or 3 days following 
treatment. For both the I-day and 3-day delay ECS groups, the latencies to the first response during extinction were lower 
than the latencies of the corresponding SECS groups. When extinction followed treatment by | day, the ECS rats also made 
more responses during the test than the SECS rats; however, when tested 3 days after treatment, the ECS and SECS 
groups did not differ on extinction response rate. In this operant setting, therefore, time-dependent recovery from amnesia 
can be demonstrated with response rate as the amnesia measure. In addition, since both groups of SECS animals exhibited 
significant interrelationships of measures following treatment and the same measures were not associated in the ECS 
groups, it was hypothesized that the proactive effects of ECS include a reduction in the stability of performance. 
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THE hypothesis that the amnestic effects of electroconvul- 
sive shock (ECS) are due to a disruption of consolidation [21] 
has been seriously challenged by reports that ECS disrupts 
retrieval processes. The principal evidence for the retrieval 
deficit hypothesis has occurred in studies demonstrating 
post-ECS recovery of memory resulting from reminder 
experiences [6, 7, 18] and from studies showing memory 
recovery with the simple passage of time. Studies examining 
the latter time-dependent recovery have typically used step 
down latency [19, 25, 27, 31, 35], step through latency [8, 9, 
11, 13, 16, 29], or drink latency [1, 12, 17] as the measure of 
retention. Unfortunately, the results of these studies have 
not been entirely consistent; some studies [1, 17, 25, 29, 35], 
for example, show recovery of memory with the passage of 
time; while others [4, 8, 9, 11, 12, 13, 16, 19, 27] report 
permanent amnesia. Other efforts have examined variables 
involved in the application of ECS in an attempt to explain 
some of these inconsistencies [16, 22, 30]. 

In an additional study [34] that is often cited as showing 
recovery of memory with the passage of time, rats were 
trained to press a lever for sucrose. Following 10 days of 
acquisition, the first leverpress on treatment day resulted in 
a footshock. Animals then received ECS or sham ECS 
(SECS) and were extinguished either | day or 10 days follow- 
ing the treatment. A treatment x delay interaction indicated 
that the ECS animals showed higher extinction response 
rates than SECS rats when tested | day after treatment, but 
the two groups did not differ on the test following the 10-day 
delay. Since the 10-day ECS animals had lower response 
rates than the one-day ECS animals, it was concluded that the 





administration of ECS produces an inflated rate of respond- 
ing, and not amnesia per se, and that this effect of ECS 
diminishes with time. 

The major purpose of the present study was to partially 
replicate this previous appetitive conditioning study [34]. 
Since other research has demonstrated that certain proactive 
effects of ECS dissipate within 3 to 4 days [2, 6, 26], the 
present study employed I-day and 3-day delay periods. 
Other work has suggested that one effect of ECS is to cause 
transient hyperactivity [3, 14, 25, 28]; therefore, to deter- 
mine if ECS produces a generalized hyperactive response 
that could explain ECS effects in the operant setting, the 
open field activity and step across latencies of the present 
animals were also measured before and after ECS treatment. 


METHOD 
Subjects 
The subjects were 44 naive male laboratory-bred Long- 
Evans rats with a mean body weight of 296 g at the beginning 
of the experiment. The animals were individually housed, 


maintained on a 12-hr-on, 12-hr-off, light dark cycle, and 
received tap water ad lib throughout the experiment. 


Apparatus 


Lever training occurred in two identical BRS/LVE oper- 
ant chambers (No. RTC-028) enclosed in ventilated and 
lighted isolation chambers. Reinforcement consisted of 
37-mg food pellets (BioMix No. T101) supplied by BioServ, 
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Inc. Acquisition, treatment, and test sessions were initiated 
by the extension of a retractable lever and ended by the 
retraction of the lever. On acquisition and test days, the 
latency to the animal's first leverpress following lever ex- 
tension was measured to the nearest 0.1 sec. by a running 
time meter, and the number of responses during the sessions 
was electromechanically counted. On acquisition days the 
time required by the rat to make 75 responses was recorded 
to the nearest second by a Hunter Klockounter. A BRS/LVE 
constant current shocker (No. 56-903) delivered a 2 mA 
scrambled footshock through a grid floor on treatment day. 

The open field consisted of a circular area 81 cm in diame- 
ter, surrounded by a 33 cm high vertical wall. The field was 
divided by two concentric circles and six lines radiating from 
the center into 12 truncated-triangular shaped areas sur- 
rounding a 20 cm-diameter, central circular area. The field 
was illuminated by a white 150-W bulb suspended 100 cm 
above the field. The rat’s activity was unobtrusively observed 
via a mirror suspended approximately 2 m above the field. 

Step across latencies were obtained in a_two- 
compartment LVE/BRS Plexiglas shuttle box (No. RSC- 
044). The 46 x 20 x 18 cm box was divided into two 23 cm 
long compartments by a partition extending 4.5 cm above the 
floor. Placement of the animal in the left compartment 
started a timer; the animal’s movement across the partition 
to the right side depressed the toggle floor and stopped the 
timer to produce the latency score. The shuttle box was 
placed on an open table top and illuminated by a 150-W bulb 
suspended 75 cm above and 100 cm behind the end wall of 
the right compartment. 

A variable transformer supplied a 100-V, 60-Hz ECS 
transpinnatally via spring-clip electrodes. Current in mA was 
read from a Tektronix T922 oscilloscope placed across a 100 
© resistor in series with the animal’s head. 


Procedure 


Following two weeks of adaptation to the individual 
cages, each animal was placed on a food deprivation 
schedule consisting of 10 g Purina chow per day. Starting 
with the first day of food deprivation and continuing for the 
next four days, each animal was handled for 5 min a day. On 
the sixth day, each animal experienced the first of four days 
of magazine training. Magazine training consisted of the 
daily administration of 20 reinforcements on a _ VI-30 
schedule with the lever retracted. Beginning on the 10th day, 
each animal experienced 10 min of hand shaping of the 
leverpress each day until lever trained. All animals were 
trained by the end of the fourth day of this procedure, and 
the animals that learned the response before the fourth day 
were allowed to leverpress on a CRF schedule for 10 min a 
day until the beginning of acquisition. 

Acquisition consisted of each animal receiving 75 rein- 
forcements on a CRF schedule and extended from the 14th 
through the 18th day of the procedure. For each acquisition 
session the latency to the first response and the number of 
seconds required to make 75 responses were recorded. 

On the third through the fifth days of acquisition and 
occurring 2 hr after acquisition training, open field activity 
and subsequent step across latency were recorded. On all 
acquisition and test days, each animal received his 10 g daily 
allotment of food immediately following the completion of 
the acquisition session. The open field test consisted of plac- 
ing the subject in the central circular area of the field and 
observing his activity for a period of 2 min. During this 
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period, the number of areas entered with all four feet and the 
number of times the animal stood up on his hind feet (rear- 
ings) were recorded. At the end of the open field test, the 
animal was removed from the field and immediately placed 
in the left compartment of the shuttlebox to initiate the 
measurement of the step across latency. 

On the 19th day, treatment day, 24 animals were ran- 
domly assigned to the ECS group and 20 were assigned to the 
SECS group. (More rats were assigned to the ECS condition 
to allow for expected ECS-induced debilitation.) The first 
leverpress on treatment day resulted in a 1 sec 2 mA foot- 
shock and retraction of the lever. The animals were im- 
mediately removed from the operant chamber and adminis- 
tered SECS or 0.5 sec of SSsmA ECS while hand held. For the 
majority of the animals, less than 15 sec intervened between 
the footshock and ECS or SECS, and all ECS animals ex- 
hibited a full tonic extension. Following treatment, the 
animals were allowed to recover in their home cages and 
were not given the open field and step across tests on that 
day. No rat suffered any apparent debilitation from the 
treatment. 

Following treatment, half the ECS and half the SECS 
animals were randomly assigned to a I-day testing delay 
group and the other half to a 3-day delay group. On the day 
following treatment, the I-day delay animals were given a 
10-min extinction session in which the food dispenser was 
inoperative. On the next day, the I-day animals were recon- 
ditioned by permitting them to leverpress on a CRF schedule 
for a period of 10 min. On both extinction and reconditioning 
days, the latency to the first leverpress and the number of 
responses occurring during the 10 min session were re- 
corded. The 3-day delay groups were not tested on the 20th 
and 21st days; they experienced the extinction and recondi- 
tioning tests on the 22nd and 23rd days, respectively. For all 
animals, the open field and step across tests were again given 
on both test days and approximately 2 hr following the in- 
strumental tasks. 


RESULTS 


For the following results, between-groups distribution 
comparisons were achieved by Mann-Whitney U tests, and 
Wilcoxon T tests were used to make the within group com- 
parisons. The mean response latencies on extinction and 
reconditioning days are presented in FIG. 1. Comparisons of 
ECS-1 with SECS-1 and ECS-3 with SECS-3 revealed that 
ECS produced a large reduction in response latency on both 
test days (p<0.01 for extinction and p<0.05 for recondi- 
tioning days). Wilcoxon tests, however, showed that the 
latencies on both test days were significantly larger than the 
last acquisition latency for both ECS groups (ps<0.01), an 
indication that the amnesia for the footshock was far from 
complete on either day of testing. 

The mean reconditioning day latency for each of the four 
groups was less than the group’s extinction day latency, and 
these comparisons were significant for all groups (ps<0.01) 
except ECS-3 (p =0.388). These differences indicate that ex- 
posure to the operant setting on extinction day reduced the 
conditioned fear as expressed on reconditioning day. 

On both test days, the 3-day delay animals in each treat- 
ment condition had higher mean latencies than the I-day 
subjects; however, this delay effect was significant only for 
the ECS groups on reconditioning day (p =0.02). This trend 
toward larger latencies for the 3-day animals suggests that 
the conditioned fear may have been incubating across the 
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FIG. 1. Latency to first leverpress on extinction and reconditioning 
days as a function of ECS and testing delay. Bars indicate standard 
errors. 


delay period. Assuming a positive association of fear and 
defecation frequency, such an explanation is supported by 
the fact that the mean number of boli dropped by the ECS-1 
animals during extinction was 0.00 while the ECS-3 rats 
dropped an average of 0.75 boli (p =0.07). Similarly, SECS-1 
and SECS-3 animals dropped 0.40 and 1.20 boli, respectively 
(p =0.518), during extinction. 

The mean number of responses made during the 10-min 
extinction and reconditioning sessions is presented in Fig. 2. 
During extinction, the number of responses made by the 
ECS-1 animals was higher than that for the SECS-1 group 
(p =0.052); however, such a difference did not occur between 
the two 3-day delay treatment groups (p =0.741). These find- 
ings, therefore, indicate that ECS affected response rate dur- 
ing extinction when extinction occurred | day after treat- 
ment but not when extinction occurred 3 days after treat- 
ment. On reconditioning day, however, this interaction of 
testing delay and treatment was diminished; the ECS-1 group 
did not significantly differ from SECS-1 or SECS-3 but did 
have a higher rate of response on this measurement than the 
ECS-3 animals (p =0.053). Although the comparison of re- 
sponse rate during extinction with that during reconditioning 
may not be very meaningful, reconditioning-day response 
rate was significantly higher than the response rate on the 
previous day for all groups except ECS-1 (ps<0.05). 

The mean number of rearings and areas entered in the 
open field test and the step across latencies for extinction 
and reconditioning days and the last day of acquisition are 
presented in Table 1. Since the ECS and SECS groups did 
not significantly differ on any of these measures after either 
the l-day or 3-day delay, it is evident that no treatment or 
test delay effect generalized to the non-instrumental tasks. 

Since multiple measurements were made on each rat fol- 
lowing ECS or SECS, it was possible to examine the effects 
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FIG. 2. Number of responses during 10-min extinction and 10-min 
reconditioning periods as a function of ECS and testing delay. Bars 
indicate standard errors. 


TABLE | 


OPEN FIELD ACTIVITY AND STEP ACROSS LATENCY ON 
EXTINCTION, RECONDITIONING, AND LAST ACQUISITION DAYS 





Day 


ECS-1 


Group 


SECS-1 





Acquisition 
Extinction 


Reconditioning 


Acquisition 
Extinction 


Reconditioning 


Acquisition 
Extinction 


Reconditioning 


Areas in Open Field 


Mean 


SD 


Mean 


SD 


Mean 


SD 


27.3 
9.4 
27.5 
8.4 
30.9 
9.5 


22.7 
8.3 
22.8 
10.9 
26.0 
9.6 


Rearings in Open Field 


Mean 
SD 
Mean 
SD 
Mean 
SD 


Step Across Latency 


Mean 


13.9 
6.3 
15.9 
8.0 
15.7 
8.1 


12.9 
14.2 
11.5 
8.0 
7.5 
6.9 


14.2 
+ 
12.0 
4.6 
13.7 
3.7 


11.0 
8.1 
11.3 
6.0 
12.8 
11.2 
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DAY AND HAN 


TABLE 2 
CORRELATIONS OF EXTINCTION-DAY AND RECONDITIONING-DAY MEASURES 





Group EL-RL  EB-RB 


EL-RB 


Relationship 


EB-RL ES-RS- EA-RA_ ER-RR 





ECS-1 ws 
ECS-3 12 — .06 
SECS-1 10 807 
SECS-3 10 857 
ALL ECS 24 05 
ALL SECS 22 77% 


04 ~.03 43 78+ 
20 697 48* 
59* 68* 4l 
32 82% 48 
10 S58t 617 
45* 72% Sit 





Note: First letter in relationship heading indicates test day: E=extinction, R=reconditioning. 
Second letter indicates variable: L=barpress latency, B=number of barpresses, S=step-across 
latency, A=areas entered in open field, R=rearings in open field. 


*n<0.05; *tp<0.01; $p<0.001. 


of ECS on the interrelationships of these variables. Pearson 
coefficients relating extinction-day with reconditioning-day 
measures are reported in Table 2. No relationship involving 
the conditioning task reached significance for the ECS-1 or 
ECS-3 animals; however, the majority of these coefficients 
for the SECS groups were significantly different from zero, 
and some were very high. This absence of test-retest reliabil- 
ity following ECS extended to the step across task for the 
ECS groups, but both open field measures showed positive 
correlations in these animals. 

To determine if these differences in correlations were due 
to pre-ictal sample differences, correlations among the ac- 
quisition measures were examined, and differences in corre- 
lations large enough or general enough to account for the 
post-ictal differences were not apparent. For example, the 
correlation between the times required to make 75 responses 
on the last 2 days of acquisition was 0.63 (p<0.05) for the 
combined ECS groups and 0.73 (p<0.01) for the combined 
SECS groups. For the last two acquisition latencies, the cor- 
relation was 0.45 (p<0.05) for the ECS animals and 0.06 
(p <0.05) for the SECS rats. Both groups exhibited significant 
pre-ictal test-retest reliability on open field activity, but 
neither showed stability on the step across measure before 
treatment. 

Correlations were also computed between the measure- 
ments on the open field and step across tasks following 
treatment, on the one hand, and the extinction and recondi- 
tioning measures on the other. The number of responses 
during extinction was positively correlated with the number 
of areas entered in the open field on test day for both the 
SECS-1 (r=.74, p=0.007) and SECS-3 (r=.58, p=0.039) 
groups. These coefficients were not significant, however, for 
either ECS group (rs=—.07 and .26). 


DISCUSSION 


Significant treatment effects for both the 1-day and 3-day 
delay groups on extinction-day latencies indicate that the 
ECS reduced response delay on this leverpress task and that 
this reduction in latency was not diminished across a period 
of 3 days. Similar treatment effects for the reconditioning- 
day latencies reveal that exposure to the operant setting on 
the previous extinction day did not abolish the ECS effects 
as reflected by initial response latency. However, when 


amnesia for the footshock was measured by counting the 
number of responses occurring during a 10-min test period, 
what is commonly regarded as recovery from amnesia was 
demonstrated in the 3-day delay animals. This latter finding 
is similar to the previously reported recovery from amnesia 
following a 10-day delay as measured by the number of re- 
sponses during a 10-min extinction period [34]. This previous 
study did not measure initial response latency but did obtain 
a response frequency after | min of extinction. Since the 
analysis of variance on the I-min scores in that study re- 
sulted in a significant treatment effect but no treatment x 
delay interaction, it is apparent that no recovery at 10 days 
was demonstrated for the number of responses measured at | 
min. 

These two studies involving the leverpress task indicate 
that different measures of memory result in different con- 
clusions regarding the recovery from ECS-induced amnesia. 
These findings extend reports involving different paradigms 
that recovery of memory following ECS does occur when 
assessed by behavioral indices other than latency [1]. 

The earlier study involving leverpressing [34] found that 
recovery resulted from a decrease in response rate in the 
10-day delay ECS animals relative to the 1-day ECS sub- 
jects, and those investigators concluded that the ECS effect 
observed at Day | was due to a transient increase in the rate 
of responding in the ECS animals and not to amnesia per se. 
Other studies have shown that ECS without footshock in- 
creases extinction response rates [5, 15, 32, 33], activity [3, 
14, 25, 28], and central nervous system excitability [23]. In 
the present study, the ECS-1 rats also had a higher extinction 
response rate than the ECS-3 animals; however, the absence 
of an ECS effect on open field activity in the present study 
suggests that when ECS is paired with footshock, any result- 
ing hyperactivity may be restricted to the operant setting (cf. 
[24]). The failure to find an effect of ECS on open field activ- 
ity, however, agrees with at least one other study [20], and 
the present data should be viewed with caution since all 
animals were exposed to the treatment setting on test day 
before they were subjected to the activity test. The present 
results, however, are consistent with the hypothesis that re- 
covery from amnesia did occur after a 3-day delay and do not 
support the earlier suggestion [34] that ECS effects in this 
operant setting are due to transient hyperactivity. 

The reduction in behavioral stability exhibited by both 





RECOVERY FROM AMNESIA 


ECS groups in the present study is an effect of ECS that 
apparently has not been previously reported. This absence of 
consistency in behavior during recovery from ECS may be a 
manifestation of the numerous transient proactive effects of 


391 


ECS on neurochemical systems (see [10]) and indicates that 
there may be considerable variability in the pattern of re- 
covery from ECS across animals. 
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RYAN, L. J., F. L. HALL AND S. J. YOUNG. An inexpensive, enclosed pool mercury commutator suitable for use with 
small animals. PHYSIOL. BEHAV. 292) 393-396, 1982.—An electrical coupling device that utilizes small, enclosed 
mercury pools is described. This commutator is of small size, low torque, relatively noise-free, and controls possible 
mercury spillage. It is constructed of readily available, inexpensive materials, and requires no precision machining for 


assembly. 


Electrical commutator Mice Rats 


Electroencephalogram 





VARIOUS types of swiveling electrical couplers have been 
designed to prevent wire tangling during prolonged recording 
from freely-moving animals. These devices often suffer from 
their large size, which inhibits the movement of small 
animals such as rats and mice, from sporadic interruptions of 
electrical continuity, and from noise due to impedence 
changes generated by the coupling contacts. Mercury com- 
mutators [6] are quite effective at eliminating the latter two 
problems, but are often large and present the possibility of 
spillage and the introduction of poisonous vapors into the 
laboratory. Electromechanical couplers typically introduce 
noise generated at their contact surfaces. Several recently 
described electromechanical commutators eliminate this 
problem [3,4]. However, the cost of one unit or the machin- 
ing required to operate optimally are occasionally beyond 
the means or facilities of a small laboratory or department. 
We have designed and tested an enclosed pool mercury 
commutator that is of small size and low torque, is relatively 
noise free, ensures electrical continuity, and limits mercury 
spillage. Furthermore, it is constructed of readily available, 
inexpensive materials, and can be easily assembled. 


DESIGN 


Figure | is a schematic diagram of the commutator; capi- 
tal letters used in the text refer to letters in this figure. Unlike 
other mercury commutators (e.g., [6]), in which the mercury 
contact pools are fixed concentric grooves surrounding the 





central shaft, the mercury pools (K) are in cups (B) stacked 
along the central axis. This design has the advantage of re- 
ducing the force required to turn the shaft and of reducing 
the amount of mercury required. A fixed cover (A) will hold 
any spilled mercury. 


ASSEMBLY 


The central shaft (G,F) is composed of two pieces of hol- 
low, rigid plastic tubing. The upper half (G) is a 10 cm length 
of 4.5 mm od, 2.5 mm id tubing, and is inserted into a section 
of 8.0 mm od, 4.5 mm id tubing. This lower section (F) ex- 
tends downward into the recording chamber through a hole 
in the roof of the chamber and attaches to a weighted boom- 
arm assembly, which carries the electrode wires to the 
animal. The boom-arm controls the vertical movement of the 
wires, denying the animal access to them. The length of this 
lower section is determined by the size of the recording 
chamber. The finished commutator may be glued to the top 
of the chamber. 

Each electrode wire (E) runs through the core of the shaft 
and enters its respective mercury contact pool (K) through a 
1.32 mm hole (bit size No. 55) drilled into the upper shaft. 
The wire is soldered (use silver solder only) to a brass ring (J) 
cut from 0.40 mm id brass tubing. Since the ring is of smaller 
diameter than the shaft, a longitudinal cut is made in the ring 
to allow it to act as a spring. If the spring action is insufficient 
to hold the ring in place on the shaft, it may be epoxied if 
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FIG. 1. Schematic diagram of the enclosed pool mercury com- 
mutator. Components are identified in the text. 


care is taken not to occlude the contact surface. 

Five cups (8 mm high) are cut from the tip ends of 10 ml 
plastic syringes (plastic test tubes, centrifuge tubes, etc. 
might also be used). A 4.7 mm diameter hole is drilled in the 
base of the cup and the cup is slipped down the shaft until its 
base is positioned immediately below the appropriate brass 
ring. It is then epoxied into position. 

The completed shaft is inserted into a 30 ml plastic 
syringe barrel (A) into which six 1.3 mm holes have been 
drilled (bit size No. 55). Five of the holes are positioned 
several mm above the tops of the five cups, the sixth is 
placed near the base of the syringe barrel. The shaft is cen- 
tered in the barrel at the top by a 30 mm section of 18 g 
stainless steel tubing (H), which is inserted into the tip of the 
syringe barrel, and at the bottom by epoxying a 22 mm od, 8 
mm id sealed bearing (I) to both the lower section of the shaft 
and the barrel. Since the central shaft contacts the barrel 
only at the tip and at the bearing, its rotation is relatively 
unhindered. For studies requiring simultaneous intravenous 
administration of drugs, tubing may be run up from the re- 
cording chamber through the central shaft to exit from the 
upper guide (H) to connect to a flow-through swivel [2] cen- 
tered above the commutator. 


Six stainless steel inlet tubes (C, 30 mm length of 18 g 
needle tubing) are introduced through the holes previously 
drilled in the barrel. The distal 8 mm are bent to a 60° angle 
and the distal tip positioned such that it will be able to con- 
tact the mercury in the cup without touching the cup wall or 
the shaft. Once positioned, the inlet tubes act as both electri- 
cal contacts with the mercury and filling ports through which 
the mercury is introduced into the cup. Wires (D) may be 
soldered to the portions of the tubes that extend outside of 
the barrel to lead to jacks affixed to the chamber. The sixth 
inlet tube is placed immediately above the bearing so that 
mercury that might spill from the cups and collect at the 
bottom of the barrel may be recovered. The open ends of the 
inlet tubes may be plugged with cotton or plastic to reduce 
the evaporation of mercury. 


DISCUSSION 


We have used this device successfully for continuous 24 
hour and longer EEG recordings from freely-moving mice 
(recording technique described in [5]). Figure 2A shows the 
EEG recorded from a mouse that was exploring and Fig. 2B 
shows the EEG during a seizure induced by pentylenetet- 
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FIG. 2. Cortical EEG recorded from a freely-moving mouse using the commutator. Movement was 
detected and recorded by amplifying the noise generated in an unattached electrode lead wire. (A) 
During exploratory walking behavior. (B1) During seizure induced by 60 mg/kg, IP, pentylenetetrazol. 
(B2) Continuation of B1. Calibration bars indicated 200 uV and | second. 


razol (60 mg/kg, IP). As can be seen, the records are virtually 
free from artifact even during the height of the convulsion. 

Mercury commutators are susceptible to electrical noise 
induced by background vibrations. Figure 3 shows the noise 
generated by holding the head connector and spinning the 
electrode wires and commutator, by shaking the cage greater 
than any background vibration would, and by tapping the 
commutator itself with a pen. One tracing was made by 
amplifying the noise generated in an open electrode lead, the 
other tracing was the noise generated through a 5 K resistor 
grounded on one side in order to simulate electrode resist- 
ance. None of the treatments generated noise greater than 15 
“VY in the 5 K circuit, suggesting a minimum signal to noise 
ratio of 20:1 for mouse EEG recordings under normal re- 
cording conditions. 

One such commutator was in regular use for over six 
months. During that time, the only problem we observed was 
that when the commutator is carelessly moved between ex- 
periments, mercury often spilled from the cups causing a loss 
of electrical continuity. Continuity was rapidly restored by 
collecting the mercury from the base of the commutator and 
returning it to the cup. 

The primary drawback of this commutator is the use of 
mercury at the swiveling contact surface. Being a toxic sub- 
stance, mercury must be handled with caution. In normal use 
there is little likelihood of mercury spillage and the enclosed 


TABLE | 
MATERIALS USED 





Syringes (barrel and 
cups) 


Bearing 


Stainless Steel Needle 
Tubing 


Lead Wire 


Central Shaft Tubing 


30 ml Disposable Stylex 
Syringes, No. 7470A and 10 ml 
Disposable Stylex Syringes, 
No. 7370. Pharmaseal Laboratories, 
Glendale, CA 91201. 


e.g., No. 37-07, General Bearing 
Co., 32 High Street, 
W. Nyack, NY 10994. 
Roller skate bearings of 
this size are available at 
some sporting goods stores. 


18 g, No. HTX-18, Small Parts, 
Inc., 6901 N. E. Third Avenue, 
Miami, FL 33138. 


Biolectric Cable, 36 g, 5 strand, 
No. AS633-5SS, Cooner Wire Co., 
9129 Lurline Avenue, Chatsworth, 
CA 91311. 


e.g., Nos. TB-9 and TB-10 plastic 
tubing, Plasticult, Inc., 
1161 Monterey Pass Road, 
Monterey Park, CA 91754. 
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FIG. 3. Electrical noise generated in commutator by (A) spinning the 
electrode wires, (B) shaking the cage, and (C) rapping the com- 
mutator with a pen. Upper tracing is the noise through a 5 Kohm 
resistance and the lower tracing is through an open circuit. Calibra- 
tion bars signify 10 «V (upper trace), 100 ~V (lower trace), and 1 
second. 


nature of the contacts greatly reduces, but does not elimi- during the filling operation. This might be done under a fume 
nate, the leakage of mercury from the commutator. In our hood and the commutator carefully carried to the recording 
experience, the primary source of the escape of mercury is site. 
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GANDELMAN, R., C. PETERSON AND H. HAUSER. Mice: Fetal estrogen exposure does not facilitate later activation 
of fighting by testosterone. PHYSIOL. BEHAV. 29(3) 397-399, 1982.—Male and female mice born of adults having been 
administered 10-50 ug estrogen on Days 12 through 18 of gestation displayed normal latencies to fight following the 
commencement of chronic testosterone exposure during adult life. Thus, in contrast to its ability to facilitate fighting when 
given to females during the early postnatal period, estrogen does not act in a facilitatory manner with regard to fetal tissue 


involved in the subsequent elaboration of fighting behavior. 
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SINCE perinatal exposure to either estrogen (E) or testos- 
terone (T) inhibits ovarian cyclicity and markedly reduces 
responsiveness to the sex behavior—activating property of E 
and progesterone [1, 2, 5, 10, 11, 17], it is not surprising that 
E mimics the influence of androgen on certain aspects of 
aggressive behavior. Edwards, having demonstrated the im- 
pact of neonatal exposure to T on later responsivity to the 
aggression-activating property of the steroid [6,7], reported 
similar effects when E, rather than T, is administered to the 
newborn [8]. Also, exposure of neonatal females to either T 
or E *‘permits’’ chronic E treatment to stimulate fighting in 
adult life [15]. 

The following experiment was undertaken to assess 
further the influence of early E challenge upon the activation 
by T of intraspecific fighting behavior. Since early postnatal 
exposure to E facilitates later behavioral responsiveness to 
T, a rather obvious prediction was made, namely, that 
facilitation of reactivity to T should occur subsequent to pre- 
natal E exposure. Specifically, it was predicted that female 
mice exposed as fetuses to E should display enhanced sen- 
sitivity to T; they should fight sooner following the com- 
mencement of T exposure during adult life relative to 
animals not having received such fetal challenge. The exper- 
iments test this prediction while also examining the influence 
of prenatal E exposure upon the male. 


METHOD 


Sixty-70-day old nulliparous Rockland Swiss mice that 
had been maintained as an outbred strain in a closed colony, 
were housed with males and examined daily for copulatory 
plugs. The discovery of a plug signified Day 0 of pregnancy, 





at which time the female was housed singly in a 28x 18x 13 
cm translucent polypropylene cage, its floor covered with 
wood shavings. Animals were provided with unlimited access 
to food and water and maintained on a 12 hr light/dark 
schedule with lights on at 0600 hr. 

The mice were randomly assigned to one of the following 
treatment groups on the 12th day of gestation (the gestation 
period normally is 19 days if the day of copulatory plug dis- 
covery is designated Day 0 of pregnancy): Group 1. 10 ug 
E(n=15) Group 2. 20 wg E(n=19) Group 3. 30 wg E(n=13) 
Group 4. 40 wg E (n=19) Group 5. 50 wg E (n=18) Group 6. 
vehicle only (n=14). Estrogen (estradiol 178) was dissolved in 
sesame oil with the volume of each injection 0.05 ml. Each 
animal received one SC injection between the hours of 0800 
and 0930 on Days 12 through 18 of gestation. 

Each litter was culled to 3 female and 3 male offspring on 
the day of parturition. At that time the pups were given to an 
untreated lactating animal that had delivered within the pre- 
vious 24 hr and whose own young had been removed. This 
fostering procedure obviated the possibility that any effects 
observed in the offspring were mediated by a long-term in- 
fluence of the hormone treatment on the dam such as re- 
duced milk yield, altered caretaking behavior, and the like. 
Thus, any effects of the independent variable could be confi- 
dently ascribed to prenatal exposure to E. 

Weaning was on Day 21 and littermates were housed to- 
gether in same-sex groups. The mice were anesthetized with 
ether, gonadectomized, and housed separately on Day 60. 
Seven days later they were again anesthetized and a 10 mm 
section of Silastic tubing (i.d.=.157 mm) containing 5 mg 
testosterone suspended in 0.02 ml sesame oil was inserted 
under the skin of the neck. This preparation reliably ac- 
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TABLE | 


DATA FROM THE OFFSPRING OF MICE BORN OF MOTHERS 
HAVING BEEN ADMINISTERED | OF 5 DOSAGES OF ESTROGEN OR 
ONLY OIL ON DAYS 12 THROUGH 18 OF PREGNANCY (+S.E.M.) 





Days to Fight Following 
Commencement of 


Testosterone Exposure* 


Percent Fighting 
M F M 








*Based only on animals that fight. 


tivates fighting behavior of gonadectomized male and female 
mice [14,15]. 

Tests for fighting, commencing 2 days following place- 
ment of the T-containing capsule, were conducted between 
1000 and 1200 hr on alternate days until fighting appeared or 
after 60 days (30 tests). A test consisted of placing an olfac- 
tory bulbectomized adult male Rockland-Swiss mouse into 
the cage of each subject and leaving it there for 10 min. 
Olfactory bulbectomized males served as opponents be- 
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cause, while neither initiating attack nor responding to it by 
retaliating, they reliably elicit attack comparable to that elic- 
ited by intact males [3]. Any fighting thus is both initiated 
and terminated by the test animal. The bulbectomized male 
therefore represents a relatively constant source of stimuli 
for tests of aggression. An encounter was scored as a fight if 
the test animal bit, chased and wrestled with the stimulus 
male for a minimum of 5 sec. (Chasing not preceded by biting 
or wrestling was not scored as a fight). 


RESULTS 


The analysis was performed on data derived only from the 
offspring of mice having delivered on Day 19, the normal 
time of parturition. Had data from all of the offspring been 
analyzed, spurious conclusions might have been drawn since 
animals born prematurely would not have received the 
complete treatment reigmen. It should be mentioned that 
treatment with the 3 highest dosages of E increased the 
probability that delivery did not occur on Day 19. 

Regardless of treatment condition, more females than 
males tended not to fight. Considering only those animals 
that did fight, a significant and anticipated gender difference 
in latency to attack following initiation of T exposure was 
found, F(1,5)=158.61, p<0.001; males required a shorter 
period of exposure than did females. The latency to fight of 
both males and females born of mothers administered E dur- 
ing gestation did not differ from respective control counter- 
parts. The data are summarized in Table 1. 


DISCUSSION 


Prenatal exposure to E did not increase responsivity of 
females to the aggression-promoting property of T. In fact, 
an additional experiment revealed that extremely high dos- 
ages of E (100 and 300 yg) also were without effect. This 
finding is quite surprising in light of the fact that early 
postnatal E exposure augments responsiveness to androgen 
[8]. The transition from pre to postnatal development, there- 
fore, apparently signals a fundamental change in the rela- 
tionship between E and central neural tissue involved in the 
elaboration of intraspecific fighting. Whether this alteration 
is mediated by a shift in the capacity of certain central tissue 
to bind the steroid or by an agent such as alpha-fetoprotein 
remains to be determined. 
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KIMBLE, D. P., W. P. JORDAN AND R. BREMILLER. Further evidence for latent learning in hippocampal-lesioned 
rats. PHYSIOL. BEHAV. 29(3) 401-407, 1982.—Rats with substantial dorsolateral lesions to the hippocampal formation 
showed significant latent learning of a complex spatial maze. Their overall maze performance, however, was charac- 
teristically impaired. Behavior during the pre-exposure phase of the experiment was useful in predicting test maze behav- 
ior. Three measures in particular had predictive value: entrances into the maze alley leading to the final choice point, 


behavior at that choice point, and goal box entries. 


Hippocampus Latent learning Cognitive maps 


Maze learning 





THE issue of whether or not rats with hippocampal damage 
can display significant latent learning is relevant to O’ Keefe 
and Nadel’s [6] proposal that the hippocampus and related 
brain structures are involved in the formation and utilization 
of *‘cognitive maps.”’ In a recent report from our laboratory, 
we found that rats with small anterior hippocampal lesions 
showed clear evidence of latent learning of a complex spatial 
maze [4]. The animals used sustained relatively small hip- 
pocampal lesions because in that experiment we were also 
interested in the possible behavioral effects of anomalous 
sympathetic innervation of intact hippocampal tissue left fol- 
lowing surgery. In the present replication and extension of 
that experiment, we have enlarged the size of the hippocam- 
pal lesion, increased the number of animals in the experi- 
ment, and made detailed observations of the animals during 
the pre-test exposure period. The present results strengthen 
the conclusion that latent learning is clearly within the ca- 
pacity of rats with substantial bilateral hippocampal lesions, 
even though their spatial maze performance is, over all, seri- 
ously impaired by such lesions. 


METHOD 
Animals 


The subjects were 36 male Sprague-Dawley rats (CD, 
random-bred) obtained from Charles River Co., Wilmington, 
MA. The room in which the rats were housed and tested was 
maintained on a 12-12 hr light-dark cycle, with the dark 
cycle beginning at 6:00 a.m. All testing was done under dim 
illumination in the rat’s dark (active) phase. Rats were 60-65 
days of age at the time of surgery. Except for the times noted 
below, they were maintained on ad lib food and water. 


Apparatus 


The apparatus used was the same as in our previous latent 
learning study. It was a Hebb-Williams maze [2] with which 
wooden inserts are used to form different maze patterns. The 
floor of this appartus was marked off into 36 equal-sized 


squares. We employed those maze patterns designed for use 
with this apparatus by Rabinovitch and Rosvold [9]. 


Surgery 


Half of the 36 animals received bilateral aspiration lesions 
of the hippocampal formation. These lesions were made in 
one-stage under sodium pentobarbital anesthesia (Abbott 
Nembutal) in doses of 50-55 mg/kg. Atropine sulfate (0.04 
mg/animal) was administered to reduce mouth and throat 
secretions. 


Maze-Training Procedure 


All rats were individually handled and gentled for several 
minutes each day for about 2 weeks after their arrival. Ap- 
proximately 1 month following surgery, all rats were placed 
on a 24 hr water deprivation schedule for 1 week prior to the 
start of pretraining on practice problems. All rats were given 
10 days of pretraining on these practice problems after which 
time they were reliably running seven trials in less than 5 
min. Following this, all animals were run on a battery of 3 
mazes: Nos. 2 (‘‘easy’’), 6 (“‘moderate difficulty’’) and 10 
(‘‘hard’’) from the Rabinovitch-Rosvold series. Each animal 
received seven trials in Maze 2 on the first day, seven trials 
in Maze 6 on the following day, and seven trials in Maze 10 
on the third day. A water bottle was available in the goal box 
and the rat was allowed 20 sec to drink following entry into 
the goal box. The animal's path on each trial was recorded. 
An error was recorded if two or more of the rat’s paws 
crossed the pre-designated ‘‘error’’ lines. 

Matched groups were formed on the basis of total errors 
made on the three-maze battery. Control animals were 
placed into one of two groups, either Control-Field (CF) or 
Control-Maze (CM). Animals in the CF group were subse- 
quently exposed to the maze apparatus with the inserts pres- 
ent to form maze problem 11 from the Rabinovitch-Rosvold 
series. The hippocampal-lesioned animals were also placed 
into two groups based on the total number of errors made on 
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the three-maze battery, forming a Hippocampal-Field group 
(HF) and a Hippocampal-Maze group (HM). The four groups 
and their mean number of errors on the three maze battery 
were as follows: 


Control-Field, 51.7 errors. 

Control-Maze, 51.7 errors. 

Hippocampal-Field, 106.7 
errors. 

Hippocampal-Maze, 107.3 
errors. 


Group CF: 
Group CM: 
Group HF: 


Group HM: 


Maze or Field Pre-Exposure 


As in our previous latent learning experiment, maze 
number 11 was selected from the Rabinovitch-Rosvold series 
as test maze for the latent learning. Ten days after being 
returned to ad lib food and water, the animals in groups CM 
and HM were placed individually into this maze pattern for 
10 minutes each day for 4 consecutive days and allowed to 
explore the maze and goal box. No food or water was avail- 
able anywhere in the maze and all animals remained on ad lib 
food and water in their home cages. The animals in groups 
CF and HF were treated in the same way except there were 
no inserts present in the Hebb-Williams apparatus, and it 
was therefore an open field with attached goal box. The 
apparatus was, of course, the same one as used for the ex- 
tensive pre-training and the three-maze battery and thus was 
familiar to all animals. In this design, latent learning is dis- 
played in the test phase by the extent to which animals in 
groups CM and HM make fewer errors than the animals 
unexposed to the test maze (groups CF and HF). 

In order to be able to relate pre-exposure behavior with 
behavior on the test maze, detailed observations were made 
on each animal during the pre-exposure period. For both 
open field and maze groups, data were taken on the number 
of squares entered during each of the four daily 10 minute 
exposure sessions. In addition, goal entries were recorded, 
along with time spent in the goal box. Finally, on exposure 
days 2, 3, and 4, the number of runs through the maze alley 
which leads to the final choice point and behavior at this 
choice point (see Fig. 2) were recorded for Groups CM and 
HM. This alley was, of course, not present in the field con- 
dition. 


Latent-Learning Phase 


On the day following the last exposure day, all animals 
were placed on a 24 hr water deprivation schedule. One 
week later all animals were tested on maze 11 from the 
Rabinovitch-Rosvold series. Each animal was given seven 
trials, with water available in the goal box. Procedures were 
identical to those used in the maze-training procedure. 


RESULTS 
Histology 


At the conclusion of the experiment the hippocampal- 
lesioned rats were sacrificed by decapitation and their unper- 
fused brains quickly frozen by a jet of compressed CO,. 
Sections were cut at 16 wm in a cryostat set at —20°, fixed 
and stained with thionin in order to determine the extent of 
the lesion [1]. 

Examination of the brains of the lesioned animals re- 
vealed bilateral lesions which transected the dorsolateral 
hippocampal formation, while sparing variable amounts of 
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FIG. 1. Frontal sections (16 um thick) from representative 
hippocampal-lesioned brain, stained with thionin. Most anterior 
section at top of page. 


the ventral and posterior regions. The fimbria was present, 
but smaller than normal, and separated from the anterior 
hippocampus by the lesion. Using K6nig and Klippel’s atlas 
of the rat brain [5], the anterior-posterior extent of the lesion 
typically extended from about level A 5150 u to about A 2180 
bt, a little less than 3 mm. Figure 1 shows coronal sections 
through a representative brain from the hippocampal- 
lesioned group. 
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TABLE 1 
BEHAVIOR DURING PRE-TEST MAZE OR FIELD EXPOSURE: CONTROL AND HIPPOCAMPAL-LESIONED RATS 





Goal Entries 


Day 2 Day 3 


Locomotor Activity 


Group Day 1 Day2 Day3 Day 4 Day | 


Day 4 


Runs Through Last Alley 
Day 1 Day 2 Day3 Day 4 


Time in Goal Box (min) 


Day 1 Day 2 Day3 Day 4 





7.1 
6.6 
13.6 
15.8 


6.4 
6.2 
11.3 
10.4 


9.4 
5.6 
12.9 
17.7 


57 
63 
43 
45 


58 
66 
38 
45 


65 
74 
51 
64 


CM 


6.3 
6.1 
8.3 
9.8 


7.3 
6.0 


9.7 
7.0 


8.0 
5.0 


BS 
as 
3.7 
4.5 


2.4 
7 
3.4 
3.5 





*These data not collected. 


*This measure applicable only to animals in maze exposure condition. 


Behavior During Maze or Field Exposure 


Activity levels. The locomotor activity of each animal was 
assessed during the four exposure sessions that preceded the 
maze test for latent learning. Table 1 shows the mean daily 
activity levels for each group of animals. 

In the field exposure condition, analysis of variance re- 
vealed no significant difference in total activity between the 
lesioned (Group HF) and control (Group CF) animals, F<1. 
The activity of both groups of animals habituated within each 
session, F(4,64)=4.65, p<0.003, and across sessions, 
F(3,48)= 14.31, p<0.0001. There were no differences in the 
habituation of activity between the groups, as no other terms 
from the analysis were significant, p’s>0.11. 

Analysis of the data from the animals exposed to the test 
maze also revealed no differences in activity between the 


lesioned (Group HM) and control (Group CM) animals, 
F(1,16)=1.76, p>0.20. Significant within-session habitua- 


tion, F(4,64)=13.40, p<0.0001, and between-session 
habituation, F(3,48)=9.06, p<0.0001 was found. No other 
terms from the analysis were significant, p’s>0.15. Thus, in 
both the field and maze conditions, there were no significant 
differences between the rats with hippocampal lesions and 
control rats in their locomotor activity levels or in their 
habituation of this activity within or across the four exposure 
sessions. 

Goal box entries. Animals in both the field and maze ex- 
posure conditions were free to enter the empty goal box 
during exploration. The total number of goal entries for each 
animal was recorded, as was the total amount of time spent 
in the goal box during each session. 

During the first exposure session, the animals in Group 
HF entered the goal box more frequently than did the 
animals in Group CF. On subsequent sessions, however, the 
number of daily entries made by each group declined to ap- 
proximately 10 entries per session. Analysis of variance of 
these data revealed that this pattern of responding produced 
a significant session main effect, F(3,48)=19.33, p<0.0001, 
and a significant group by session interaction, F(3,48)=2.95, 
p<0.05. The group main effect was not significant, F<1. 
Over the four sessions, the amount of time spent in the goal 
box was fairly constant at approximately 4.2 min for lesioned 
animals and 3.4 min for controls (Table 1). This difference 
was not significant, F<1. 

In contrast to the results from the field condition, the 
control animals in the maze exposure condition entered the 
goal box significantly more frequently during the first session 
than did the lesioned animals, 1(16)=3.63, p<0.003. On sub- 


sequent sessions, however, goal entries for the two groups of 
animals were approximately equivalent. Analysis of vari- 
ance of these data yielded a significant group by session 
interaction, F(3,48)=4.18, p<0.02. Neither the group, 
F(1,16)=1.93, p>0O.18, nor the session, F(3,48)=1.86, 
p>0.14, main effects were significant. Animals in both 
Groups CM and HM spent approximately 2 min in the goal 
box during each session. 

Behavioral patterns during maze exposure. While observ- 
ing the behavior of the animals in the maze exposure condi- 
tion during the first exposure session, it became obvious that 
the control animals routinely explored the entire maze, 
whereas the lesioned animals often failed to ‘*find’’ the alley 
leading to the final choice point before the goal box (see Fig. 
2). Instead, the lesioned animals perseverated in running 
through a series of cul-de-sacs in the same order, often mov- 
ing very rapidly while doing so. This observation prompted 
additional data collection. On the subsequent three exposure 
sessions the frequency with which each animal reached the 
final choice point and the direction (right-left) in which they 
turned upon reaching this point were also recorded. 

During the last three exposure sessions, the control 
animals consistently made more runs through the alley lead- 
ing to the final choice point than did the lesioned animals 
(Table 1). Analysis of variance of these data yielded a mar- 
ginally significant group main effect, F(1,16)=4.40, p<0.06. 
The frequency with which the groups of animals traversed 
this alley decreased across these sessions, as the session 
main effect also was significant, F(2,32)=6.00, p<0.007. The 
lesioned animals continued to make fewer runs down this 
alley, however, since the group by session interaction was 
not significant, F(2,32)=1.14, p>0.33. 

The behavior of the two groups of animals upon reaching 
the last choice point also differed. Across the four exposure 
sessions, the control animals chose to turn left (toward the 
goal box) an increasing percentage of the time (50%, 79%, 
86%, and 87%, respectively). On the other hand, except for 
Day 1, the choices of the lesioned animals were less goal 
oriented than the controls (67%, 43%, 40%, and 75% toward 
the goal box for the four sessions, respectively). Due to limi- 
tations in the number of behavioral observations which could 
be made, the choice made by each animal was recorded only 
during the first 2 min of each session. 

Finally, the control animals (Group CM) showed alterna- 
tion of responses at the final choice point, while the lesioned 
animals (Group HM) repeated their choice. Eight of the nine 
animals in Group CM made at least one choice during the 
first 2 min of each of the first two sessions. Of these eight 





ERRORS 





FIG. 2. Maze performance of controls and hippocampal-lesioned 
rats in latent learning test. Maze pattern is shown with error lines 
indicated by broken lines, barrier inserts by solid lines. 
HF=Hippocampal-lesioned field exposed, HM=Hippocampal- 
lesioned maze exposed, CF=control field exposed, CM=control 
maze exp sed. 


animals, seven alternated their next choices. Of the nine 
animals in Group HM, only five made a choice during the 
same period of time on both days, providing further evidence 


that these animals failed to explore the final portions of the 
test maze as consistently as did control animals. Of the five 
animals which did reach the choice point during the obser- 
vation period, all five repeated their choice the next time 
they reached the choice point. 

In summary, the exploratory behavior of lesioned and 
control animals was examined and found to be quantitatively 
similar. Animals with hippocampal lesions and control 
animals were equally active in the open field or in the maze 
as well as in the habituation of this activity, suggesting that 
the ‘‘amount”’ of exploration was similar between these 
groups. However, the pattern of exploratory behavior of the 
lesioned animals exposed to the maze was different from that 
of the control animals. Lesioned animals entered the goal 
box less frequently on Day 1 than did the controls, made 
fewer runs through the alley leading to the final choice point 
than did controls, and made fewer goal oriented responses at 
the final choice point than did controls. This pattern of ac- 
tivity suggests that the exploratory behavior of the control 
animals was more “‘efficient’’ than was that of the 
hippocampal-lesioned animals. 

Latent learning. Differences in latent learning between 
the lesioned and control animals could be assessed unam- 
biguously only during the first trial of the test session which 
followed the exposure sessions. On subsequent test trials, an 
animal’s performance was determined both by the exposure 
sessions and by the preceding test trials. Consequently, the 
number of errors made by each animal on the first test rrial 
was used as the index of latent learning. Figure 2 shows the 
error data from this trial as well as the data from the remain- 
ing trials of the test session. 

Previous exposure to the test maze produced a strong 
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latent learning effect in both groups CM and HM. Analysis of 
variance of the error data from the first test trial yielded a 
significant exposure main effect, F(1,32)=6.56, p<0.02. 
Overall, the lesioned animals made more errors than did the 
control animals, as the group main effect also was signifi- 
cant, F(1,32)=5.00, p<0.04. The exposure by group interac- 
tion was not significant, F<1, indicating that the lesioned 
animals in the maze exposure condition benefited as much 
from the prior experience with the test maze as did the con- 
trol animals. This was true in spite of the general deficit in 
maze performance shown by the lesioned animals. There 
was no indication from these data that the lesioned animals 
had a deficit in latent learning per se. In fact, Group HM 
made slightly fewer errors than did Group CF. Thus, the 
latent learning due to maze exposure in the lesioned animals 
tended to offset the general maze deficit produced by lesions 
in the hippocampus, at least on the first trial. 

Maze acquisition. Each animal was given a total of seven 
trials in the test maze (Fig. 2). An analysis of variance was 
performed on the error data from these trials. Across the test 
session, the animals that received maze exposure made 
fewer errors than did the animals that received field expo- 
sure, F(1,32)=12.74, p<0.002, and the control animals made 
fewer errors than did the lesioned animals, F(1,32)=33.58, 
p<0.0001. In addition, the group by exposure interaction 
was significant, F(1,32)=4.63, p<0.04. This interaction was 
significant because the control animals in Group CF rapidly 
reached nearly error-free performance levels across the ses- 
sion, matching the already nearly error-free performance of 
Group CM. On the other hand, both of the lesioned groups of 
animals showed little, if any, improvement across trials. 

The inability of lesioned animals to improve as much as 
the control animals across trials was indicated further by a 
significant group by trial interaction from the analysis, 
F(6,192)=3.48, p<0.003. The trial main effect also was sig- 
nificant, F(6,192)=2.65, p<0.02, but the other terms from 
the analysis were not significant, p’s>0.25. To determine 
whether the lesioned animals showed any significant im- 
provement over the seven trials, individual analyses of vari- 
ance were performed on the data from each group of 
animals. As expected, both control groups showed at least a 
marginally significant decrease in errors across trials, 
F(6,48)=4.43, p<0.002 for Group CF and F(6,48)=2.10, 
p<0.08 for Group CM. (The degree of improvement shown 
by Group CM was restricted by their near flawless perform- 
ance in the test maze on the first trial.) The analysis of the 
data from the lesioned animals found that neither group 
showed significant imporvement over the seven trials, 
F(6,48)=1.85, p>0.10 for Group HF and F(6,48)=1.86, 
p>0.10 for Group HM. 


Relationship of Pre-Test Behaviors to Test Behavior 


The major advantage of the present experiment over pre- 
vious studies was the extensive collection of behavioral data 
during the field or maze exposure prior to the maze test for 
latent learning. Accordingly, it was of particular interest to 
look for relationships between such pre-test behaviors and 
an animal’s test performance. Unfortunately, the perform- 
ance of the control animals on the test maze, particularly 
Group CM, was so nearly error-free that meaningful correla- 
tions to pre-test behaviors could not be computed for these 
animals. It was possible, however, to compute Spearman 
rank-order correlation coefficients to compare the behavior 





HIPPOCAMPUS AND LATENT LEARNING 


of the lesioned animals during the exposure sessions to their 
test performance. 

In general, the pre-test behavior of the lesioned animals 
that received maze exposure prior to testing was predictive 
of their test performance, whereas the pre-test behavior of 
the lesioned animals that received field exposure was not. 
The more goal box entries that the animals in Group HM 
made during exposure, the better their performance during 
testing. The correlation between the number of goal entries 
and the number of test errors was significant, r,=—0.813, 
p<0.008. The same relationship was found between the 
number of times an animal entered the alley leading to the 
final choice point and the number of test errors, r;=—0.763, 
p<0.02. The relationship between goal entries and test be- 
havior for Group HF, on the other hand, was not significant, 
rs=—0.117, p>0.76. 


DISCUSSION 


Our present findings support the conclusion that animals 
with hippocampal lesions, although less proficient at learning 
a spatial maze, nonetheless benefit from being exposed to 
that maze prior to testing. That is, hippocampal-lesioned 
animals clearly manifest latent learning. Our hippocampal- 
lesioned subjects demonstrated as much latent learning as 
did unoperated control animals when compared with appro- 
priate control groups exposed to the maze apparatus without 
inserts; the superiority in performance of the animals in 
Group HM over animals in Group HF was similar to the 
difference in the number of errors committed between the 
control groups CM and CF. 

In addition, two other aspects of the present data are 
worth discussing. First, the behavior of the hippocampal 
animals (Group HM) during the pre-exposure phase revealed 
qualitative differences in their exploratory behavior which 
could be related to their later maze performance. Second, 
despite the significant latent learning observed on trial one of 
the test maze, the hippocampal-lesioned animals did not 
significantly decrease their errors during the remaining six 
trials on the test maze. 

The present experiment differed from our previous report 
of latent learning following hippocampal lesions in that in 
this experiment extensive behavioral protocols were taken 
on each animal during the pre-exposure sessions. Efficient 
exploration of the maze during the pre-exposure periods is 
obviously critical in order for an animal to display high levels 
of latent learning. Differences in exploratory behavior during 
the initial maze training and pre-exposure sessions should be 
important in understanding the behavior of the animals in the 
test maze. 


Initial Maze Training 


The animals in the present experiment were assigned to 
their particular experimental group on the basis of their per- 
formance in the initial three-maze battery. All had extensive 
general maze experience (over 50 pretraining trials plus 21 
trials on the three mazes) in which to build up knowledge of 
the general spatial relationships in the maze apparatus. For 
example, the start-box, walls, ceiling and goal-box are all 
‘‘constant’’ elements, being the same and occurring in the 
same relative positions throughout the entire experiment. 
Also, the maze remained in the same relative position in the 
room, and thus extra-maze cues were held constant. Only 
the arrangement of the inserts which formed the alleys and 
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cul-de-sacs varied from problem to problem. In Olton’s [8] 
terms, the ‘‘reference memory’’ components of the mazes 
would be those which remained constant across trials (posi- 
tion of the goal-box, position of the maze in the room, etc.), 
while the shifting configurations of the inserts would require 
‘**working memory.”’ In the initial maze learning situation the 
hippocampal-lesioned animals made about twice as many er- 
rors as did the control animals. Thus, they actually had twice 
as many opportunities to explore the various mazes, since 
errors were recorded as an animal entered cul-de-sacs. 


Pre-Exposure Phase 


In this part of the experiment, animals were exposed 
either to the maze apparatus without inserts (‘‘field’’) or to 
the test maze. The hippocampal-lesioned animals did not 
differ significantly from normal controls in either situation in 
the amount of exploratory activity. If anything, the 
hippocampal-lesioned animals were somewhat more active 
as measured by the number of floor squares entered. This 
activity habituated across the four pre-exposure sessions. 
The rate of habituation did not differ significantly between 
normal and hippocampal-lesioned rats (see Table 1). With 
respect to what may be termed the quality of exploration, 
however, definite differences in the behavioral patterns be- 
tween normal and lesioned rats were observed, and in some 
cases could be related to the behavior of the animal in the test 
maze. Three measures in particular were important: entries 
into the maze alley leading to the final choice, behavior at the 
final choice point, and goal box entries. 


Entrances into the Alley Leading to the Final Choice Point 


In order to solve a spatial maze, of course, a rat must 
enter the alley leading to the final choice point. In our expe- 
rience with maze 11, once an animal has entered this alley, it 
is virtually certain to find and enter the goal box with a 
maximum of one additional error. Exceptions to this consti- 
tute less than 1% of trials. On day 1 of the pre-exposure 
phase we noticed that the hippocampal-lesioned rats were 
poorer at entering this alley, even when their exploration 
took them directly across the alley entrance. On days 2, 3, 
and 4 we took systematic data on alley entrances. The 
lesioned animals continued to make fewer entrances into this 
alley throughout the pre-exposure period, although the 
analysis of variance on these data was of only marginal sig- 
nificance (p<0.06.) In both the pre-exposure and test situa- 
tions, the lesioned animals displayed the characteristic 
‘**recklessness’’ or ‘‘lack of deliberation’’ at this alley en- 
trance, often repeatedly veering off to the left rather than 
entering the alley. This ‘‘ballistic tendency’ appears to be 
very similar to that recently reported by Olton with respect 
to rats with fornix lesions in the radial arm maze: *‘First, 
they ran faster than normal. Second, they chose arms rela- 
tively far apart and gave the impression that their speed of 
running led to ballistic tendencies which made sharp turns 
difficult for them’’ [7]. We would agree with these observa- 
tions as being characteristic of hippocampal-lesioned 
animals in Rabinovitch-Rosvold mazes as well. The predic- 
tive value of critical alley entrances was quite impressive; a 
correlation of —0.763 between critical alley entrances and 
the number of errors in the test situation for the HM group. 


Behavior at the Choice Point 


Differences in the behavior of both lesioned and control 
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rats were also observed at the final choice point in both 
pre-exposure and test situations. During pre-exposure, con- 
trol animals increased their goal-oriented (left turn) re- 
sponses across the 4 days, making an average of 75% such 
turns. Lesioned rats averaged only 56% such goal-oriented 
responses during the pre-exposure period. 

In the test situation, CM animals made a total of only 4 
(6% of all trials) non-goal-oriented responses (right turns), 
less than 0.5 response per animal, and only three (33%) of the 
CM rats made any such response. In comparison, the CF 
animals who had not been exposed to the maze before made 
seven such errors (11% of all trials). Seven of the nine (77%) 
of this group made one such error each. All seven of these 
errors were made on the first trial, and can be considered 
‘‘informative errors,’ since they provided the animal with 
the information that the goal box was in the other direction. 
Further right turns at the final choice point would be ‘‘non- 
informative errors.’’ None of the CF animals and only two of 
the CM animals made such errors. 

HM animals made nine (14% of all trials) non-goal- 
oriented responses at the final choice point in the test situa- 
tion. Six of the nine (67%) made such errors, and seven out 
of nine were ‘‘non-informative,’’ occurring on trials other 
than the first. Rats in the HF group made 20 non-goal- 
oriented responses at the final choice point (36% of all trials), 
all but one rat (88%) made at least one such error, and 13 of 
the responses were “‘non-informative.’’ Additional evidence 
of latent learning can be seen in the difference between these 
two lesioned groups in such non-informative errors. Al- 
though these non-informative errors contributed to the 
poorer maze performance of the lesioned animals, they re- 
mained a small percentage of total errors, making up only 3% 
of total errors for the HM rats and HF rats. The correspond- 


ing percentages for groups CM and CF were 5% and 0%. 


Goal Box Entries 


The goal box was available to animals in all four groups 
during the pre-exposure phase, and entries into it were re- 
corded. Although initially the number of goal entries was 
greater for the controls (CM) in the maze pre-exposure 
condition, this difference was less for days 2, 3, and 4. The 
number of goal entries for the animals in group HM may be 
misleadingly high, since these rats, unlike controls, re- 
peatedly moved in and out of the goal box without re- 
exploring the area around the last choice point. The per- 
formance of the controls in the test maze was so nearly 
error-free that meaningful correlations could not be com- 
puted, but goal entries was a highly significant predictor of 
errors on the test maze (—0.813) for the HM rats. 

In the field condition, lesioned animals (group CF) made 
more goal entries on day | of pre-exposure, but this differ- 
ence did not hold up on days 2, 3, and 4. There was no 
significant correlation between goal box entries in the pre- 
exposure period and errors of the test maze for either CF or 
HF rats, a not unexpected finding. Time spent in the goal 
box was not predictive of test maze performance for any 
group. 

Why didn’t the hippocampal-lesioned animals pre- 
exposed to the test maze capitalize upon their initial advan- 
tage and show significant error reduction across the remain- 
ing trials? Likewise, why did not the hippocampal-lesioned 
animals pre-exposed to the field show significant error re- 
duction as did their control counterparts? A definitive an- 
swer to these questions is not available, but an examination 
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of the individual records of the animals in these two groups 
provides some additional insight. In virtually all cases from 
both groups of lesioned rats there were trials on which no or 
very few errors were made followed by trials on which a 
large number of errors was made. For example, all of the rats 
in group HF had a trial on which they made 5 or fewer errors 
(range 0-5) followed later in the session by a trial on which 
they made more errors (range 12-50). While the overall error 
level was significantly less for rats in group HM, a similar 
error pattern emerged. Thus, all of these rats had a trial on 
which they made 7 or fewer errors (range 0-7) followed later 
in the session by a trial on which they made more errors 
(range 1-23). The behavior of the hippocampal-lesioned rats 
in both groups was similar on these high error trials—a 
marked tendency to move rapidly across the opening into the 
alley leading to the final choice point, displaying the *‘ballis- 
tic tendencies”’ noted by Olton [7] and outselves. It is possi- 
ble that some of the difficulty encountered on these trials is 
also due to disruption of ‘‘working memory’ as proposed by 
Olton et al. [8] or to proactive interference from the initial 
maze learning experience, although this cannot be clearly 
demonstrated with the present data. Weiskrantz has pro- 
vided evidence for the importance of such interference in the 
behavior of both rats and humans with hippocampal damage 
[10]. The tendency among hippocampal-lesioned rats to be 
slow to shift ‘*hypotheses’’ [3] would also suggest that if 
these rats formed particular “‘spatial hypotheses”’ on the 
basis of earlier mazes and did not abandon these hypotheses 
when presented with different mazes, this could contribute 
to the repetitive error pattern seen across the various maze 
situations. The performance of the animals in the control 
groups was not characterized by the variability seen in the 
performance of the hippocampal-lesioned rats. No control 
rat made more than eight errors on any trial after the first, 
and the performance of the control rats was nearly error-free 
after the first two trials. 

In summary, our hippocampal-lesioned rats displayed the 
characteristic maze performance disability which has been 
found many times before. The results of trial 1, however, 
show that behavioral problems of lesioned animals are not 
due to their inability to display latent learning per se. The 
fact that the performance of the HM group did not match that 
of the CM group, even on the first trial of the test phase, 
suggests that the execution of appropriate behaviors based 
on these congnitive maps is faulty, due to factors about 
which we have already speculated. 

It was our intention in this experiment to test further the 
O’ Keefe and Nadel [6] model: **. . . latent learning is neither 
incidental nor unmotivated. It results from the action of 
cognitive-mapping and leads to the development of maps of 
experienced environments. Thus, we would predict that hip- 
pocampal animals would not show latent learning.’’ We be- 
lieve that our data do not support such a prediction, and, in 
fact, hippocampal-lesioned animals can and do show latent 
learning of a spatial maze. On the other hand, such animals are 
indeed less efficient at exploration of their environments and 
display (as yet not fully understood) difficulties in the execu- 
tion of behaviors based on their memory of previously vis- 
ited places. 
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ROLLS, B. J., E. A. ROWE AND E. T. ROLLS. How sensory properties of foods affect human feeding behavior. 
PHYSIOL. BEHAV. 29(3)409-417, 1982.—The sensory properties of food which can lead to a decrease in the pleasantness 
of that food after it is eaten, and to enhanced food intake if that property of the food is changed by successive presentation 
of different foods, were investigated. After eating chocolates of one color the pleasantness of the taste of the eaten color 
declined more than of the non-eaten colors, although these chocolates differed only in appearance. The presentation of a 
variety of colors of chocolates, either simultaneously or successively, did not affect food intake compared with consump- 
tion of the subject’s favorite color. Changes in the shape of food (which affects both appearance and mouth feel) were 
introduced by offering subjects three successive courses consisting of different shapes of pasta. Changes in shape led to a 
specific decrease in the pleasantness of the shape eaten and to a significant enhancement (14%) of food intake when three 
shapes were offered compared with intake of the subject’s favorite shape. Changes in just the flavor of food (i.e., cream 
cheese sandwiches flavored with salt, or with the non-nutritive flavoring agents lemon and saccharin, or curry) led to a 
significant enhancement (15%) of food intake when all three flavors were presented successively compared with intake of 
the favorite. The experiments elucidate some of the properties of food which are involved in sensory specific satiety, and 


which determine the amount of food eaten. 


Food intake Pleasantness 


Sensory-specific satiety 


Satiety Variety 


CABANAC and his colleagues [3, 4, 5, 6] have shown in man 
that the pleasantness of the taste or smell of food-related test 
stimuli was decreased by a 50 g load of glucose which was 
either swallowed or delivered intragastrically. They also 
showed that the glucose load decreased the pleasantness of 
sucrose solutions but not of salt solutions, and that eating a 
meal decreased the pleasantness of food-related odors but 
not of non-food-related odors [5,8]. We have shown that 
during a meal the pleasantness of foods which have been 
eaten declines more than the pleasantness of foods which 
have not been eaten. These changes in pleasantness are ap- 
parent as soon as two minutes after the end of a meal, before 
there has been time for much absorption, so that they are 
probably caused in part by sensory or cognitive, rather than 
by post-absorptive factors [13]. Consistent with this, the de- 
crease in pleasantness can be relatively specific to the par- 
ticular food which has been eaten, even when some of the 
other non-eaten foods are nutritionally similar [13]. Further, 
in other experiments we have found specific decreases in 
pleasantness when the substance ingested had little energy 
content, e.g., low energy orange drink versus a meat extract 
flavored drink. Because these changes were partly specific 
to the sensory properties of each food we have termed the 
phenomenon “‘sensory-specific satiety’’ [9,13]. 

Given such relatively specific decreases in the pleasant- 
ness of a food eaten, it might be expected that if after a first 
food had been eaten a second was offered, further eating 
might occur, so that total food intake with a variety of foods 


might be greater than with a single type of food. This has 
been found in an experiment in which normal weight subjects 
were offered in succession sandwiches with four fillings for 
lunch, and ate 33% more than if sandwiches with the same 
filling were consumed throughout the meal. A similar result 
was obtained if the meal consisted of three flavors of yogurt 
which differed in flavor, color, and texture [12,15]. Thus 
sensory-specific satiety is evident not only as a relatively 
specific decrease in the pleasantness of foods which have 
been eaten, but also as a reduction in subsequent eating if the 
same food is offered again when compared to the eating 
which occurs when a different food is offered. This sensory- 
specific satiety is associated with enhanced food intake if a 
variety of foods is offered [13,14]. 

The sensory properties of foods which could contribute to 
the sensory-specific component of satiety and the enhance- 
ment of food intake by variety include the taste, smell, color, 
shape, texture and temperature of foods. Many of these 
properties could have contributed to the sensory-specific ef- 
fects described above, and their relative importance was not 
investigated in those experiments. To investigate the impor- 
tance of these different properties, in the experiments 
described here we determined the effects of manipulating 
separately the color, shape, or flavor (i.e., taste and smell), 
of food on the changes in the pleasantness of foods eaten, 
and on food intake. 

Preliminary reports of these experiments have been pre- 
sented [12,!4]. 
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GENERAL METHOD 


Procedure 


In each experiment twenty-four subjects, twelve male and 
twelve female, were selected from a subject pool of healthy 
young adults. Subjects receiving medication, smokers, diet- 
ers, and those who disliked any of the types of food used in 
the experiments were excluded in an initial screening test, 
and care was taken to exclude subjects who had prior knowl- 
edge of this type of experiment (psychology students were 
not used). The subjects also ranked their preference for the 
different foods used in the particular experiment. Subjects 
were instructed to come to the test location in approximately 
the same state of hunger on each test day, and this was 
confirmed by an assessment of hunger using a visual analog 
scale (100 mm line marked at one end ‘“‘not hungry”’ and at 
the other end ‘‘extremely hungry’’) immediately before each 
test. Subjects were allowed to drink as much water as they 
wished before each test, but were not given water during the 
experiments. 

Subjects were told that they were participating in an ex- 
periment on taste. It was clear at the end of the experiment 
that subjects had been unaware of the purpose of the exper- 
iment, and did not realize that the amount eaten was being 
recorded. Each test day was separated from the next by at 
least one day in order to minimize monotony effects which 
might be caused by over-exposure to the same foods on suc- 
cessive days. If more than one subject was tested on one 
day, care was taken to isolate the subjects from each other. 
Tests were arranged as meals with successive courses so that 
on any one day subjects were given either the same type of 
food in the successive courses, the ‘‘plain condition,’’ or a 
different type of food in successive courses, the “‘variety 
condition.’’ The tests were run at a time of day such that the 
foods used provided a reasonable replacement for a normal 
meal which might be eaten at that time. Experiments 2 and 3 
were run at lunch-time, Experiment | was run 3 hrs later. A 
replication of Experiment | was run at lunch-time. Subjects 
were told to eat as much food as they wanted and they were 
given more in each course than they could eat. Throughout 
the experiment they did not know in advance which foods to 
expect in the successive courses and on the first test day 
they did not know the number of courses to be presented. 
The subjects were given a weighed plate containing the food 
at the beginning of each course, and at the end of each course 
the plates were removed and re-weighed and the weighed 
plate for the subsequent course was then given. Each course 
lasted 7 mins. This period was chosen, based on previous 
experiments [13,15] to be long enough to allow sufficiently 
large energy intakes and changes in pleasantness to occur, 
and to be short enough to minimize boredom in the experi- 
ment. 

The subjective responses to the foods eaten in the exper- 
iment were determined by rating the pleasantness of the taste 
of all the foods used in an experiment using visual analog scales 
(100 mm lines), both before the first course was given and 
after the end of the last course on each test day. The 100 mm 
line was marked at one end ‘‘very pleasant,’’ and at the other 
end ‘“‘very unpleasant,”’ and the subject was asked to mark the 
line at the point which represented how pleasant he found 
the taste of the food. Each visual analog rating scale was on a 
separate sheet of paper so that subjects could not refer to 
previous ratings. Subjects were asked to taste each food suc- 
cessively and between each to rate the pleasantness of the 
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taste. The tasted foods were not swallowed and the mouth 
was rinsed with water between each food. 

In a debriefing session on a separate day after the tests 
were completed, the subjects were weighed and asked to 
complete a questionnaire [18] to determine whether they 
were restrained or un-restrained eaters. To determine 
whether individual differences in response to variety were 
related to the subjects’ sex, level of obesity or responsive- 
ness to the sensory properties of the food, normalized in- 
takes (the average of the intake of courses two and three 
expressed as a percentage of intakes in the first course) were 
compared with (a) sex, (b) a median split of the obesity index 
[7], and (c) a median split of the subject’s restraint score for 
both the plain and the varied meals. 


Statistics 

Subjects were tested under all conditions of food presen- 
tation to permit a within-subjects analysis, and subjects were 
given the different conditions on different days. The order of 
presentation of meals to subjects was completely counter- 
balanced; the order of presentation of courses to subjects 
within the variety meal was partially counterbalanced so that 
the different food types were offered an equal number of 
times in each of the courses, as determined by a balanced 
Latin square. The total amounts of food eaten were com- 
pared by using the matched pairs f-test between the variety 
meal and the plain meal (or the average of the plain meals). 
The amounts of food eaten in each of the courses were com- 
pared by a two-factor within subjects analysis of variance, 
after logarithmic transformation to normalize the data, with 
type of meal and time (position of course) as factors, and by 
comparison of the appropriate error term from the analysis. 
The rates of decline of intake throughout the meal were 
compared by extraction of linear polynomials. Results are 
expressed as means (+S.E.M.). The significance of the 
number of subjects showing a greater intake in the varied 
meal than in the plain meal was determined by the Binomial 
test. 

Changes in the subjective pleasantness of foods eaten or 
not eaten were determined in the plain meal condition, witha 
matched pairs f-test performed on the change in pleasantness 
for the food eaten versus (for each subject) the average of the 
changes in pleasantness for those not eaten. 


EXPERIMENT |! 


In this experiment the appearance of food was changed by 
varying its color to determine whether varying only the color 
of foods is sufficient for eaten colors to become less pleasant 
than uneaten colors after a meal, and to determine whether 
there is an enhancement of intake when a variety of colors is 
eaten. Other sensory properties and the content of the food 
were held constant. 


METHOD 


The subjects were schoolchildren, aged 16-19 years. All 
subjects had body mass indices within the normal range (18.0 
to 22.0) and all were within 15% of normal body weights 
recommended by the Metropolitan Life Insurance tables 
maximum [10]. 

The foods eaten (Smarties, Rowntree Mackintosh Ltd) 
were small discs of chocolate covered with a thin colored 
sugar layer (similar to M and M’s in America). The four 
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FIG. 1. Left: The mean+SEM amount of Smarties eaten in four successive 7 min courses when subjects (n=24) were given either just their 
favorite color, four colors successively, or four colors simultaneously. The mean total intakes for the three conditions are also shown. Right: 
The mean+SEM change in the pleasantness of the color of Smarties eaten and the colors not eaten from before to after the meal when just one 


color was consumed during the test. 


colors used were: violet, pink, yellow and green. All the 
Smarties used in this experiment had the same content, 
taste, and smell; the only varying ingredient was the color- 
ing, which was odorless and tasteless. Subjects were tested 
on three separate days, at 3:30 p.m. (more than two hours 
after lunch), and on each day they received one of three test 
conditions: The ‘‘plain condition,’ in which they received 
the same color which they had rated as the most preferred in 
the initial assessment procedure, in each of four 7 minute 
courses; the ‘‘variety condition,’ in which they received a 
different color in each of the four courses; the **simultaneous 
condition,”’ in which they received an equal mixture of the 
four colors in each of the four courses. Each course con- 
sisted of 200 g of candies (approximately 200 individual can- 
dies) on a 200 mm aluminum foil pie tin; in the simultaneous 
condition the courses consisted of a mixture of 50 g of each 
color of food. The most preferred color was used in the plain 
condition to ensure that any enhancement of intake in the 
variety conditions was not because the most preferred color 
was available only in the variety conditions. (Ten subjects 
preferred violet color, nine pink, four yellow, and one sub- 
ject preferred green.) 

The four colors (one of each) were presented on a small 
paper plate for the subjective ratings of pleasantness before 
the meal began, between courses two and three, and after the 


fourth course. Subjects also rated the pleasantness of the 
taste of the candy they were eating in that course, at the 
beginning and end of each course. (In the simultaneous con- 
dition they tasted the favorite color at the beginning and end 
of each course.) 

Because the results of this experiment were particularly 
interesting, a replication of this experiment was run, using 
13-14 year old boys as subjects, and using Smarties as a 
replacement for the last course of lunch. Otherwise the de- 
sign of the two experiments was identical. 


RESULTS 
Changes in Subjective Ratings 


The mean ratings of the pleasantness of the taste of the 
Smarties are shown before and after the meal in the plain 
condition in Fig. 1. Before eating, all colors were rated as 
relatively pleasant, and the taste of the favorite color was 
rated more highly than the taste of the other colors. After the 
meal the pleasantness of the taste of all colors had declined, 
and all colors were rated as relatively unpleasant. However 
the decline in pleasantness was significantly greater for the 
colors eaten than for the colors tasted but not eaten in the 
plain condition (foods eaten —45.3+5.0 mm on the 100 mm 
visual analog scale; foods not eaten —32.7+5.2 mm, 
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t(23)=2.9, p<0.01). After the meal the favorite color, which 
had been eaten, was rated as less pleasant in taste than the 
three colors which had not been eaten. 


Food Intake 


The intake of Smarties in each course, and the total 
amount eaten in a meal is shown in Fig. 1}. 

Increasing the variety of a meal, either by simultaneous or 
successive presentation of different colors of candies in suc- 
cessive courses, did not lead to an enhancement of intake in 
a meal. (In fact, in the simultaneous condition there was, 
idiosyncratically in that it was not found in the replication 
described below, less eating than in the plain or the sucessive 
condition.) The pattern of intakes over the four courses was 
also similar in the plain, simultaneous and variety conditions 
(condition x course interaction, F(6,207)=1.5, NS), and in- 
take declined at the same rate in the three conditions (time: 
F(3,207)=122.0, p<0.001; linear polynomial x condition 
F(2,207)=1.9, NS). There were no differences in the patterns 
of intake shown by male or female subjects, or subjects as- 
sessed as more or less restrained eaters, or subjects grouped 
by a median split of the body mass index. 

In the replication of this experiment, we confirmed that 
there was a greater reduction in pleasantness for a color of 
Smarties eaten than for the colors of Smarties not eaten 
(food eaten —44.2+5.1 mm, foods not eaten —25.0+5.4 mm, 
1(23)=4.4, p<0.001). Also, as before, there was no increase 
in intake compared to the plain condition when a succession 
of different colored Smarties were eaten. In this experiment 
the amounts eaten in the plain and simultaneous conditions 
were not different. 


DISCUSSION 


This experiment showed that a greater decrease in the 
pleasantness of the taste of a color of food eaten occurred 
than of the taste of colors of food not eaten. Because we 
wished to be sure that this sensory-specific satiety could be 
reliably produced by color alone, we ran a complete replica- 
tion of the experiment, and obtained the same result. This 
effect is remarkable, in that having eaten a food of a particu- 
lar color, the pleasantness of the taste of that food was rated 
as being less pleasant than the taste of food of other colors. 
Although this effect was found, the magnitude of the effect 
with color alone differing between the foods was not suffi- 
cient to lead to increased intake in the variety condition. The 
finding that color can provide the basis for a sensory specific 
satiety effect is consistent with other evidence that color is 
an important cue in feeding. For example, it has been 
shown that color can markedly affect the recognition of 
food-related odors [2]. In the present experiment, other evi- 
dence that color is an important cue in feeding was that 14 
out of 24 subjects reported in a debriefing session differences 
in taste between the Smarties (even though they were identi- 
cal in all properties except color), and before eating, the food 
with the favorite color was rated as tasting a little more 
pleasant than the tastes of the other colors (see Fig. 1). 


EXPERIMENT 2 


The purpose of this experiment was to investigate 
whether, with other factors held constant, the shape of food 
can lead to sensory-specific decreases in the pleasantness of 
the food eaten, and whether offering a variety of shapes 
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would lead to increased food intakes compared to intakes of 
one shape. The different shapes of food had different ap- 
pearances, and produced different sensations in the mouth. 


METHOD 


The subjects were undergraduate students, aged 18-25 
years. All subjects except one had body mass indices within 
the normal range (total range for the subjects 18.5 to 28.9). 

After preliminary experiments pasta was chosen as the 
test food because it could be obtained in different shapes 
with the same composition and texture. It was served with 
tomato sauce. Three shapes of pasta were selected: bow 
ties—approximately 4 cm long when uncooked, hoops—0.5 
cm in diameter and 1.5 cm long when uncooked, 
spaghetti—7.5 cm long when uncooked (manufactured by 
Ponte, energy content 14.2 kJ/g). These pastas were chosen 
because they provided a wide contrast of sensation when 
eaten and because the uptake of water in cooking was rela- 
tively uniform between them. The tomato sauce (Napolitan, 
manufactured by Go, energy content 3.6 kJ/g) was added to 
make the pasta more palatable. 

The pastas were cooked separately in salted, boiling 
water. The hoops and spaghetti were cooked for 13 minutes, 
and the bow ties were cooked for 11 minutes according to the 
manufacturer’s instructions. A constant proportion of pasta 
to water and salt was maintained to provide uniformity of 
taste and content. Thus 500 g of dry pasta were added to 1.91 
of water with 6 g of salt. The pasta was weighed before and 
after cooking and the uptake of water was determined. The 
range of percentage increases in weight of pasta after cook- 
ing was 222-290% (mean 256+ 1.8%). Sauce was then added 
in such quantity as to minimize variations in the ratios of dry 
pasta to sauce and cooked pasta to sauce. After preparation, 
the pasta with sauce was kept in covered bowls in a 200°C 
oven until it was used in the meal. Water losses in the oven 
were determined but were inconsequential, and the tempera- 
ture of pasta and sauce at serving time was 47+1°C. 

Subjects were tested on two separate days between 12:30 
and 1:30 p.m. On one day they received the same shape of 
pasta in each of three successive courses, the shape being 
the subject’s most preferred as determined in the preliminary 
assessment (the plain condition). (Fifteen subjects preferred 
bowtie shapes, six subjects preferred spaghetti, and three 
subjects preferred hoop shapes.) On the other day they re- 
ceived the three different shapes in succession in the three 
courses (the variety condition). Before the meal small quan- 
tities of each of the pastas with sauce were provided on a 
plate and subjects were asked to taste and rate each pasta in 
turn for pleasantness using the 100 mm visual analog scales. 
Subjects were then given the cooked pasta and sauce to eat 
(approximately 300 g in each course) in three successive 
courses, and at the end of the meal they again tasted and 
rated the three shapes of pasta for pleasantness. 

The amount eaten in each course was measured, and the 
amounts of dry pasta and sauce eaten in each course were 
then calculated from this proportion in the cooked pasta and 
sauce. The ratio of dry pasta to sauce was 2.3+0.1 in the 
plain condition and 2.6+0.3 in the successive condition, and 
the amount of sauce in cooked pasta and sauce was 
19.3+0.9% in the plain condition and 17.4+0.8% in the vari- 
ety condition. Energy intakes in each course were deter- 
mined by multiplying the amounts of dry pasta and sauce by 
their energy contents. 
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24) were given either just their 


favorite shape, or three shapes successively. The mean total intakes for the two conditions are also shown. Right: The mean+SEM change in 
the pleasantness of the shape of pasta eaten and the shapes not eaten from before to after the meal when just one shape was consumed during 


the test. 


RESULTS 
Food Intakes 


The mean energy intakes of cooked pasta and sauce in the 
three courses and the total intakes are shown for the plain 
and for the variety meals in Fig. 2. 

Subjects had a significantly greater energy intake when 
offered the varied meal than when offered the plain meal of 
their favorite food, 7(23)=2.3, p<0.05, and intake of the var- 
ied meal was enhanced by 14% compared with the plain 
meal. The analysis of variance also showed an overall in- 
crease in energy intake of the varied meal compared to the 
plain meal, F(1,23)=5.0, p<0.05. There was no significant 
difference in intakes in the first course of the meals, indicat- 
ing that subjects were at similar baseline levels when the 
different experimental conditions were introduced. 

Intake declined significantly in the two subsequent 
courses in the plain and variety conditions (time 
F(2,92)=65.1, p<0.001, interaction between meal type and 
time F(1,92)=1.5, NS). The decline of intake with time was 
greater for the plain meal than for the varied meal, although 
this difference was not statistically significant, F(1,92)=2.8, 
NS. Intakes in the second course were greater in the varied 
meals than in the plain meals although this difference was not 
statistically significant, 1(23)=1.7, NS, and were signifi- 
cantly greater in the third course in the varied meal than in 
the plain meal, 7(23)=2.3, p<0.05. 

Seventeen of the 24 subjects had greater normalized in- 


takes after the first course in the variety condition than in the 
plain condition (a significant number of subjects showed a 
greater response to variety, binomial test, p<0.032). Female 
subjects were more restrained eaters than the male subjects, 
t(22)=3.6, p<0.01. Male and less restrained subjects showed 
the same pattern of intakes in the plain meals as they showed 
in the varied meals, as indicated by the normalized intakes of 
the second and third courses, (normalized intakes for meals 
in the favorite meal 40.9+4.0%, in the varied meal 49.7+4.8, 
t(11)=1.1, NS; less restrained in the favorite meal 
43.7+3.7%, in the varied meal 49.0+4.5%, 1(11)=0.9, NS). 
However female and the more restrained subjects had 
greater normalized intakes in the varied condition than in the 
plain condition (normalized intakes for females in the favor- 
ite meal 46.9+5.8%, in the varied meal 64.8+6.5%, 
t(11)=1.7, p<0.1, NS, for more restrained subjects in the 
favorite meal 44.2+6.1, in the varied meal 65.5+6.6%, 
t(11)=1.8, p<0.05). There was no relationship between nor- 
malized intakes of the varied meal and body mass index in 
male subjects, but in female subjects the normalized intakes 
of the heavier subjects, were greater than those of the leaner 
subjects (heavier 67.2+ 13.5%, leaner 52.5+ 12.0%) although 
this was not statistically significant. 


Changes in Subjective Ratings 


Before eating, the taste of the favorite shape was rated as 
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more pleasant than that of the other shapes (see Fig. 2, 
t(23)=1.8, p<0.05). The mean ratings of the pleasantness of 
the taste of the pastas are shown before and after the meal in 
Fig. 2. There was a larger decrease in the pleasantness of the 
taste of the shape of pasta eaten (—23.9+4.9 mm on the 100 
mm visual analog scale) than of the other shapes of pasta 
which were not eaten (9.2+2.8 mm, 1¢(23)=2.9, p<0.01). 


DISCUSSION 


This experiment showed that altering the shape of food 
(with other factors held constant) can lead to an increase in 
food intake, and to decreases in the pleasantness of food 
which are partly specific to the shape of food which has been 
eaten. 


EXPERIMENT 3 


In this experiment the flavor of food was varied and other 
sensory properties and the content of the food were held 
constant to determine whether differences in flavor cause 
sensory-specific changes in pleasantness as a consequence 
of eating, and whether a succession of different flavors 
causes an enhancement of intake in a meal. 


METHOD 


The subjects were undergraduate students, aged 19-25 
years. All subjects except two had body mass indices within 
the normal range (18.2 to 23.7); one male and one female 
subject had body mass indices of 27.1 and 32.9, respectively. 

The food eaten was cream cheese flavored with table salt, 
or lemon essence and saccharin, or curry, made up into small 
sandwiches with white bread. Each sandwich was approx- 
imately 6 cm long and 3 cm wide. The appearance of the 
different flavored sandwiches was made uniform by using 
food colorant (manufactured by Pearce Duff) which 
produced a yellow color. To increase the uniformity of tex- 
ture of the bread, the crusts were removed. The cream 
cheese fillings were as follows: salt—450 g cream cheese 
(Kraft, Philadelphia®), 5 g table salt (sodium chloride), and 
food colorants (70 drops of yellow, 2 drops of blue, 4 drops 
of brown); lemon and saccharin—450 g of cream cheese, 0.12 
g of saccharin sodium, lemon essence (32 drops— 
manufactured by Pearce Duff), and food colorants 
(yellow—70 drops, blue—2 drops, brown—4 drops); 
curry—450 g cream cheese, 4 g Madras curry powder (man- 
ufactured by Schwartz), and food colorants (yellow—30 
drops, blue—1 drop, brown—1 drop). In a preliminary ex- 
periment (N=24) it was found that in some subjects there 
were large differences in the liking of the three flavors. Be- 
cause in this study it was clear that large differences in liking 
were masking an effect of variety on intake, only subjects 
whose initial ratings of the pleasantness of the three flavors 
were less than 35 mm between the most and least preferred 
were included in the analyses of the experiment described 
here. 

Subjects were tested on two separate days between 12:30 
and 1:30 p.m. On one day they received the same flavor of 
cream cheese and bread in each of three successive courses 
(i.e., the ‘plain condition,’’ the flavor being the most pre- 
ferred as determined in the preliminary assessment). (Sixteen 
subjects preferred salt flavor, seven subjects preferred curry 
flavor, and one subject preferred lemon and saccharin 
flavor.) On the other day they received each of the three 
different flavored cream cheese sandwiches, one in each of 
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the successive courses (i.e., the ‘variety condition’’). One 
piece of bread with cream cheese of each flavor was placed 
on a small plate and the subjects were asked to taste and rate 
each in turn for pleasantness using the 100 mm visual analog 
scales. Subjects were then given the sandwich pieces to eat 
(approximately 200 g in each course) in three successive 
courses, and at the end of the meal they again tasted and 
rated the three flavors for pleasantness. 

The amount eaten in each course was measured and the 
amount of bread and cream cheese eaten in each course was 
then calculated from their proportions in the sandwich 
pieces. The ratio of bread to cream cheese by weight in the 
pieces was 1.23+0.03 in the plain condition and 1.29+0.03 in 
the variety condition. Energy intakes in each course were 
calculated by multiplying the amount of bread and cream 
cheese eaten by their respective energy contents (bread 15 
kJ/g, cream cheese 10.9 kJ/g). 


RESULTS 
Food Intakes 


The mean energy intakes of the bread and cream cheese 
pieces in the three successive courses, and the total energy 
intakes are shown for the plain and varied meals in Fig. 3. 

Subjects had a significantly greater energy intake when 
offered the varied meal than when offered the plain meal, 
1(23)=1.8, p<0.05, and intake of the varied meal was en- 
hanced by 15% compared with the plain meal. The analysis 
of variance also showed an overall increase in energy intake 
of the varied meal compared with the plain meal, 
F(1,23)=6.6, p<0.05. There was no significant difference in 
the intakes in the first courses of the meals, indicating that 
subjects were at similar baseline levels when the two exper- 
imental conditions were introduced. 

Intake declined significantly in the two subsequent 
courses in each of the plain and varied conditions (time 
F(1,92)=124.7, p<0.001, interaction between meal type and 
time F(2,92)=1.4, NS). The decline of intake with time was 
greater for the plain meal than for the varied meal, although 
this difference was not statistically significant, F(1,92)=2.6, 
NS. Intakes were significantly greater in the varied meals 
than in the plain meals in the second course, #(23)=2.1, 
p<0.05, and in the third course, 1(23)=2.5, p<0.02. The 
normalized intakes after the first course were similar in male 
and female subjects, in more or less restrained subjects, and 
in subjects grouped by a median split of body mass index. 

In the preliminary study it was found that large differ- 
ences in initial liking between the flavors obscured the effect 
of variety on food intake. A median split of the greatest 
difference between the initial liking of the foods lead to this 
conclusion in that there was no enhancement of intake in the 
variety condition in subjects with initial liking differences 
greater than 35 mm (variety/plain meal ratio of intakes: 
95.3+6.9%, N=12), whereas there was an enhancement of 
intake in the variety condition when the initial liking of the 
foods differed by less than 35 mm (variety/plain meal ratio of 
intakes: 128.5+10.9%, N=12). These ratios of the amounts 
eaten in the variety and plain conditions were significantly 
greater in the subjects with the small differences in initial 
liking than in the subjects with the large differences in initial 
liking, 1(22)=2.2, p<0.05. 


Changes in Subjective Ratings 


Before eating, the favorite flavor was rated as more 
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FIG. 3. Left: The mean+SEM amount of sandwiches eaten in three successive 7 min courses when subjects (n=24) were given either just the 
favorite flavor, or three flavors successively. The mean total intakes for the two conditions are also shown. Right: The mean+SEM change in 
the pleasantness of the flavor of sandwiches eaten and the flavors not eaten from before to after the meal when just one shape was consumed 


during the test. 


pleasant that the other foods (see Fig. 3, 1(23)=1.8, p<0.05). 
The decline in pleasantness of the food eaten (the favorite) 
was only marginally greater in this experiment than the de- 
cline in pleasantness of the foods which had been tasted but 
not eaten (food eaten —11.3+4.1, foods not eaten —9.1+2.3, 


t(23)=0.5, NS). 


DISCUSSION 


Despite the importance of flavor in sensory specific sati- 
ety shown by this experiment, we have previously reported 
two experiments in which changes in flavor alone did not 
enhance intake relative to the intake in the plain condition 
with one flavor of food. The foods available in these two 
studies were either three flavors of yogurt (strawberry, 
raspberry, or cherry) [12,15], or three flavors of chocolates 
(mint, orange, or coffee) [12]. It seems likely, in view of the 
positive finding in the present experiment, that although the 
foods in the previous studies were distinctive in flavor, they 
were not treated as different because of the strong back- 
ground flavors from the yogurt or chocolate and the fact that 
all were sweet. In the present study where the foods differed 


more, i.e., were sweet, salty, or curry flavored, there was a 
significant enhancement of intake by variety. 

The main problem in designing an experiment in which 
flavor alone changes radically is to find foods which are 
palatable, of the same nutrient composition, and of similar 
appearance and texture. The cream cheese sandwiches ful- 
filled these criteria, but a number of subjects found one of 
the flavors unacceptable. This problem, however, led to the 
conclusion that if the foods used in experiments on variety 
are not all palatable, a refusal to eat any of the foods in the 
variety condition will mask potential positive findings. 


GENERAL DISCUSSION 


In these experiments, some properties of food which can 
lead to a decrease in the pleasantness of that food after it is 
eaten, and to enhanced food intake if that property of the 
food is then altered, have been investigated. It was shown 
that properties of foods which could lead to such effects 
include its appearance (in terms of its color in Experiment 1), 
its shape (which affected both its appearance and the sensa- 
tion it produced in the mouth, Experiment 2), and its flavor 





416 


(Experiment 3). The fact that changing even one property of 
the food such as its color can lead to these specific satiety 
effects supports the description of the effect as a ‘‘sensory- 
specific satiety’’ effect [13], since in all cases in these exper- 
iments the nutritional content of the foods was not altered. 

In previous studies in which flavor, appearance and tex- 
ture all differed between the foods, larger sensory specific 
effects were found [13] than in the present experiments, in 
which only one property of the foods was changed. For 
example, in an experiment with different sandwich fillings, 
there was a 33% enhancement of intake when a variety of 
fillings was offered as compared to a single type of filling 
[12,15]. In the present experiments, variation in texture 
alone led to a 15% enhancement of intake (Experiment 2), of 
flavor alone to a 14% enhancement of intake (Experiment 3), 
(Experiment 1). The sensory specific decreases in the pleasant- 
ness of foods eaten were also less marked when, in the present 
experiments, only one property of the food was varied. The 
smaller sensory specific satiety effect found when one prop- 
erty alone differs between the foods is to be expected, as the 
constancy of the other properties leads to satiety signals 
which are common to the different foods. The larger sensory 
specific satiety effects found when several factors differ be- 
tween foods indicates of course that the different factors can 
combine, and has obvious implications for how to manipu- 
late appetite. 

As just noted, the fact that only one factor differed be- 
tween the foods provides one reason why the sensory- 
specific satiety effects were sometimes small in these exper- 
iments. For example, the absence of an enhanced intake 
when color was varied would have been partly due to the 
strong satiating properties which the Smarties had in com- 
mon (sweet chocolate), leading to a small sensory specific 
satiety which did not manifest itself above the baseline vari- 
ation of the amounts eaten. Another factor important in de- 
termining whether sensory specific satiety effects are found 
when only one sensory property of food is varied is the suc- 
cess in selecting foods which differ markedly along the di- 
mension of interest. It is thus quite possible that in subse- 
quent investigations an enhancement of intake by varying 
color alone will be found. Another factor which may have 
contributed to the absence of enhanced intake when color 
was varied is that in the experimental design, an effect of 
variety on intake must exceed any greater intake which the 
subjects may have for their favorite food, which is offered in 
the plain condition. It is necessary to use the favorite food in 
the plain condition in order to ensure that any apparent ef- 
fects of variety are not due simply to the availability for at 
least some of the time of the subject’s favorite food. How- 
ever, there are two other reasons why, as in the color exper- 
iment, there may be a sensory specific decrease in pleasant- 
ness without a significant enhancement of intake in a variety 
condition. The first is that when a sensory specific decrease 
in pleasantness is measured at the end of an experiment, this 
should predict whether subsequent eating will occur, rather 
than being related to the intake which has already occurred. 
Thus, if a food tastes relatively pleasant (because it has not 
been eaten already), then it is likely that subsequent eating of 
this food will occur (but not of a food which tastes less pleas- 
ant because it has been eaten). This has been found [13]. The 
second reason is that the degree of pleasantness of a food 
may affect whether a food will be selected for ingestion, but 
the amount actually ingested will then depend to a consider- 
able extent on the satiating power of that particular food. 
Thus the pleasantness of food may be expected to correlate 
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better with the probability that that particular food will be 
eaten than with the quantity ingested. This may well be par- 
ticularly important for the sight of food, which might be ex- 
pected to have a stronger influence on whether a food is 
selected for consumption than on the actual amount con- 
sumed. 

The greater decreases in the pleasantness of food which 
occurred after that food had been eaten are not just because 
the initial value for the eaten food was higher than that of the 
foods not eaten, for the eaten food actually became less 
pleasant after eating than the foods which had not been eaten 
(see Figs. 1 and 2). The failure of the food eaten to decline 
much (and significantly) more in pleasantness than the foods 
not eaten in Experiment 3 could be related to the fact that 
only a relatively small decline in pleasantness occurred in 
this experiment and to the other factors discussed above. 

These experiments were designed to provide information 
on the mechanisms of sensory-specific satiety. The fact that 
sensory-specific satiety was found for the color of food, 
when taste, nutritional content, texture etc were held con- 
stant, shows that sensory-specific satiety can be based on a 
learned association between a food with a particular prop- 
erty, in this case a visual stimulus, and its ingestion, such 
that after ingestion of that food, it becomes less pleasant. It 
is interesting that the effect of this learning results in re- 
interpretation of the taste of the food as being less pleasant. 
In the particular experiment performed, the subjects rated 
the taste of the color of Smarties they ate as less pleasant 
that the taste of other Smarties which they had not eaten, 
even though the Smarties differed only in color. For some 
other properties of food, such as the mechanical sensation it 
produces in the mouth, or its flavor, the sensory-specific 
satiety mechanism could be a similar association learned be- 
tween the relevant sensory property of the food and its in- 
gestion, or it could be a neurophysiological mechanism simi- 
lar to adaptation, but at a level where the reward value of 
food is represented, rather than at a purely perceptual level. 
The reason for the latter distinction is that it may be primar- 
ily the hedonic or motivation-related quality of the food 
which is changed by sensory-specific satiety, rather than the 
appreciation simply of the intensity of the sensation, in the 
majority of subjects [11]. 

This learning mechanism for sensory-specific satiety is 
probably similar to the conditioning mechanism for satiety 
described by Booth [1], in which humans or animals learn to 
adjust the magnitude of their intake of a particular flavor 
based on the amount of energy derived previously from in- 
gestion of the food with that flavor (see also [9]). One differ- 
ence is that the sensory-specific satiety described here has 
been investigated mainly so far as an intra-meal control of 
intake (though there could well be longer-term effects), 
whereas the conditioning mechanism described by Booth is 
primarily related to how the energy derived from a food eaten 
at one meal affects eating in subsequent meals. 

When sensory-specific satiety was originally observed in 
our experiments, it was found that the sight of a food which a 
monkey had eaten to satiety ceased to activate hypothalamic 
neurons, whereas the sight of other foods which the monkey 
had not just eaten still activated these neurons. In this case 
the decrease in responsiveness (of neurons) was to the sight 
of a particular food. In the present experiments, the decrease 
was in the pleasantness of the taste of a food of a particular 
appearance which had been eaten to satiety. It will be inter- 
esting in future work to determine whether an equivalent of 
the neurophysiological observation occurs, namely that in 
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humans there is a sensory-specific decrease in the pleasant- 
ness of the sight (rather than the taste, as in Experiment 1) of 
food which has been eaten. If such a decrease is found, it will 
elucidate a further part of the mechanism by which foods are 
selected for ingestion, and eaten [16,17]. 

Part of the interest of the present experiments lies in the 
fact that they provide further information on which variables 
affect the quantity of food ingested. It is clear from these ex- 
periments that simply varying the shape and flavor of food can 
each increase the amount of a food which is eaten. This has 
implications for diet control, as well as for how to continu- 
ally stimulate the palate. An implication for dieting is that 
limiting the variety of the sensory aspects of food which are 
readily available (while of course maintaining an adequate 
nutritional content) will assist in limiting intake. An implica- 
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tion for stimulation of the palate is that variation in as many 
sensory aspects of food as possible will enhance appetite. 
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GUENAIRE, C., J.C. COSTA AND J. DELACOUR. Operant conditioning with thermal reinforcement in the newborn 
rat. PHYSIOL. BEHAV. 293) 419-424, 1982.—In previous experiments, we studied the acquisition of instrumental 
locomotor responses reinforced by thermal stimuli, in one to ten-day-old rats. In these tasks, there was a precise topo- 
graphic relation between the behavior to be conditioned and the reinforcement. In the experiment reported in the present 
paper, one to eight-day-old rats were tested in an operant conditioning task, where the operant (OP) was a non locomotor 
behavior, the raising of the head. At each day of age, two paired groups were compared: a “‘contingent’’ (C) and a *‘non 
contingent”’ (NC) group. Each OP (satisfying an amplitude criterion) of a C rat was reinforced by the application of a 30-35°C 
air-stream during ten seconds. The NC rat of the same pair received the same number of air-streams during the session, but 
these stimuli were unrelated to its behavior. The duration of the session was ten minutes. Mean frequency of OP was higher 
in C than in NC groups, at one, two, six, seven and eight day of age. Absence of significant differences between C and NC 
groups at three, four and five days of age could be due to the competition between OP and the emerging locomotor behavior. 
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DES expériences précédentes nous ont permis de mettre en 
évidence les possibilités de conditionnement instrumental 
avec renforcement thermique chez le rat nouveau-né [11,12]. 
Un renforcement thermique est en effet trés efficace chez le 
raton dont la thermorégulation est immature [1, 2, 5, 6, 8, 9, 
10, 14, 19). 

Dans une premiére expérience, des rats agés seulement 
de vingt minutes a huit jours apprenaient a passer d'une 
plaque froide (10-12°) sur une plaque chaude (28-30°) [11]. 
D’autres expériences nous ont montré que des rats agés de 
quatre a dix jours pouvaient acquérir une discrimination 
spatiale renforcée par un souffle d’air chaud a 30-35° [12]. 
Dans ces deux types de taches, l’animal devait donner une 
réponse locomotrice vers un endroit déterminé du dispositif 
pour étre renforcé. Il existait donc une relation topog- 
raphique entre le comportement a conditionner et le ren- 
forcement. 

Dans une nouvelle expérience utilisant également un ren- 
forcement thermique, nous avons soumis le jeune rat a un 
conditionnement operant. Dans ce type de conditionnement, 
la relation entre le comportement et le renforcement n’est 
plus topographique [22]. Le renforcement n'est pas délivré 
dans un lieu déterminé de l’enceinte expérimentale: il n’a 
qu'une relation temporelle avec |**‘operant’’ choisi par 
l’expérimentateur. 





Les conditionnements operant dépendent donc beaucoup 
moins de facteurs ‘‘spatiaux’’ que les autres types de con- 
ditionnement instrumental. Ce fait peut avoir deux consé- 
quences opposées sur la précocité relative des conditionne- 
ments operant au cours de |’ ontogenése: (1) ils peuvent étre 
moins précoces que des conditionnements instrumentaux 
locomoteurs, en raison du caractére arbitraire de la relation 
comportement-renforcement. (2) ils peuvent étre au con- 
traire plus précoces si l’operant sur lequel ils se fondent se 
développe plus t6t que le comportement locomoteur. 

La présente expérience a eu pour but de départager ces 
deux hypothéses en étudiant les possibilités de conditionne- 
ment operant d’un comportement (lever de téte) déja bien 
représenté dans le répertoire du rat de un jour, donc bien 
avant l’apparition des comportements locomoteurs orientés. 


METHODE 

Sujets 

Cent soixante dix rats albinos de souche Wistar, males et 
femelles, 4gés de un a huit jours, et pesant de cing 4a treize 
grammes, ont été utilisés. Chaque groupe était constitué 
d’un nombre pair d’animaux—vingt au minimum, vingt- 
quatre au maximum—de facon a pouvoir étre scindé en 
deux sous-groupes appareillés. 


'Send reprint requests to J. Delacour, Laboratoire de Psychophysiologie, Université Paris VII, 7, Quai Saint-Bernard, 75 221-Paris Cedex 
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Principe du conditionnement utilisé 


L’operant ‘“‘OP”’ choisi est un lever de téte de |’animal. 
Tout lever de téte atteignant une certaine amplitude est ré- 
compensé par |’administration d’un souffle d’air chaud a 
30-35° provenant d’un séchoir électrique. 


Matériel 


Il se compose de deux parties, l'une fixe, l’autre mobile. 

Partie fixe. Elle comporte une plaque de cuivre de di- 
mensions 14,5(L) x 11(1) cm, entourée de parois verticales 
de cuivre également, hautes de 4,5 cm, et graduées. La 
plaque et les parois verticales sont maintenues a une tem- 
pérature de 24°. 

Partie mobile. Elle est constituée d’un cadre métallique 
de dimensions 14(L) x 10,8(1) cm sur lequel sont tendus des 
fils de laiton dans le sens de sa longueur et de sa largeur. 
Ainsi, se trouve réalisé un plafond grillagé souple pouvant 
étre abaissé, relevé et fixé 4 une hauteur déterminée au- 
dessus de la plaque de cuivre. Cette hauteur est mesurée a 
l'aide de graduations indiquées sur les parois verticales 
entourant la plaque. La plaque et le plafond grillagé sont 
isolés électriquement entre eux; ils sont reliés chacun a l'une 
des bornes d'un circuit électrique alimenté par une piie de 
4,5 V. 

L’animal étant placé sur la plaque de cuivre, ce dispositif 
permet de détecter tous les levers de téte assez amples pour 
atteindre le plafond. Le circuit est alors fermé par le corps de 
l’animal. L’émission de chaque “‘operant”’ est objectivée par 
l’éclairement d’une ampoule électrique placée en série dans 
le circuit. Afin de maximaliser la qualité de leur contact avec 
les fils du plafond, les animaux recgoivent une mince couche 
de pate au sel sur la peau du crane. 


Protocole 


Le test se déroule en deux phases: (1) une phase pré- 
liminaire, d’*‘habituation’’ (phase I). (2) une phase de con- 
ditionnement (phase II). 

(1) Phase I. Elle a quatre buts: (a) familiariser l’animal 
avec l’espace expérimental; (b) adapter la hauteur du plafond 
grillagé 4 l'ampleur des levers de téte de chaque rat, selon 
son age et ses possibilités; (c) évaluer, dans une premiére 
étape, (phase I-1), la fréquence de l’émission spontanée de 
“OP,” pour chaque rat, en dehors de toute application du 
souffle d’air chaud utilisé comme renforcement; et (d) 
étudier les réactions de chaque animal a |l’application des 
souffles d’air chaud, au cours d’une deuxiéme étape (phase 
]-2). Cette phase permet enfin de constituer pour chaque jour 
d’age deux groupes de rats appareillés. 

Au début de la phase I, l’animal est déposé au centre de la 
plaque de cuivre et le plafond est abaissé au-dessus de lui. 
Pendant les deux premiéres minutes (phase I-1) tous les lev- 
ers de téte des rats assez amples pour allumer |’ampoule sont 
enregistrés par minute. Ce nombre refléte le niveau de levers 
de téte spontanés présents dans le répertoire de chaque rat. 

La phase I-2, durant trois minutes, lui succéde im- 
médiatement. Six souffles d’air durant dix secondes chacun 
sont appliqués, sans relation avec le comportement des rats. 
Tous les levers de téte assez amples pour allumer |l’ampoule, 
et précédant chacun des souffles ou lui succédant, sont 
enregistrés par minute. Les rats qui ne réagissent pas aux 
souffles, ou ceux pour lesquels ils semblent aversifs, sont 
éliminés. 

Au terme de cette phase, la température de la plaque est 
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vérifiée; sa surface est essuyée, et la température de la 
cabine de test—22°—[12] est également contrélée. L’ animal 
est placé dans une boite de contention capitonnée de maniére 
a minimiser sa déperdition de chaleur. 

(2) Phase II. Elle débute donc aprés un intervalle de cing 
minutes et comporte deux étapes (phases II-1 et II-2) iden- 
tiques par leur durée, cinq minutes, et leur déroulement. 
Elles sont séparées par un intervalle de deux minutes. Au 
cours de cette phase, deux groupes de rats sont comparés: 
un groupe ‘‘contingent’’ et un groupe “‘non contingent’’. 

Constitution du groupe contingent (C): Au terme de 
l'intervalle de repos séparant la phase I de la phase II, 
l'animal est 4 nouveau déposé au centre de la plaque. Le 
plafond grillagé est replacé a la hauteur déterminée lors de la 
phase I-1. Pendant cing minutes, et comme dans la phase I, 
les réponses de |’animal sont enregistrées minute par minute. 
Au début de la premiére minute, le souffle d’air chaud est 
appliqué pendant dix secondes, puis il n’est plus appliqué 
que se |’animal léve suffisamment la téte pour faire contact 
avec le plafond. Chacun de ses levers de téte est aussit6t 
suivi de l’application d’un souffle d’air chaud pendant dix 
secondes. Il existe donc une relation temporelle précise 
entre sa réponse et le renforcement. L’application du ren- 
forcement est bien dépendante de la réponse de |’animal: 
elle lui est ‘“‘contingente’’. L’animal est soumis a un pro- 
gramme de conditionnement a renforcement continu. 

Tous les rats soumis a cette procédure appartiennent au 
groupe contingent. 

Les rats qui donnent un nombre de levers de téte égal ou 
inférieur a cing pour l’ensemble de la phase II sont éliminés. 
Ce procédé a pour but de fournir un nombre de souffles 
suffisant aux rats “‘non contingents’? qui leur seront as- 
sociés. 

Constitution du groupe non contingent (NC): Un rat 
‘“‘contingent’’ Ci ayant été testé, un autre rat comparable de 
par ses caractéres physiques—Age, poids, sexe, souche—et 
de par ses performances lors de la phase I est soumis au 
méme nombre de souffles que le rat Ci, mais sans que 
ceux-ci aient une relation temporelle précise avec ses levers 
de téte. Ce rat est alors un rat ‘“‘non contingent’’ NCi ap- 
pareillé au rat Ci. Le délai séparant deux souffles consécutifs 
varie entre cing et quarante secondes, selon le nombre de 
souffles devant étre appliqué par minute, et de facon a éviter 
qu'un phénoméne d’apprentissage d'un intervalle régulier 
entre deux souffles puisse se produire. 

Ce procédé nous permet de former des couple de rats 
Ci-NCi dont les performances mutuelles vont étre com- 
parées. 


RESULTATS 
(1) Phase I 


Tous les résultats ont été soumis a un test d’analyse de 
variance a deux facteurs [24]. L’un de ces facteurs est con- 
stitué par le type de procédure auquel les animaux sont 
soumis a la phase II de l’expérience: contingente (C) ou non 
contingente (NC) L’autre facteur est lage des rats. 

Facteur ‘‘future procédure’’. I n’est pas significatif pour 
l'ensemble de la phase I, F(1,144)=0,004, p>0,05 (Tableau 
1). La répartition des animaux dans les futurs groupes C et 
NC s’est donc faite sans biais systématique. Avant la phase 
d’apprentissage proprement dite, les possibilités initiales des 
rats destinés au groupe C et NC sont comparables. 

Facteur age. Ils’est révélé significatif pour l’°ensemble de 
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TABLEAU | 


MOYENNE (M) ET ECART-TYPE DE LA MOYENNE (SD) DU NOMBRE DE LEVERS DE TETE LORS DE LA PHASE I, POUR CHAQUE JOUR (J) 
D’ AGE, POUR LE GROUPE *“‘CONTINGENT” (C) ET POUR LE GROUPE *“*NON CONTINGENT” (NC) 





2 3 


5 6 7 





C(M + SD) 11,1 + 1,44 ae ioe 9,8 + 1,47 11,8 + 
+0,89 10,.44+ 1,20 11,7 


NC(M+ SD) 11,3 + 1,68 
NS NS NS 

F=0,007 F=0,49 F=1,10-° 

p>0,05 p>0,05 p>0,05 


+ 1,91 


F=0,23 
p>0,05 


13,0 + 1,99 12,5 + 1,52 


1,46 11,6 + 1,64 


13,1 + 2,28 11,4 + 1,22 2.9 2 


12,2 + 1,51 
NS NS NS NS 
F=0,19 F=0,002 F=0,19 F=0,03 
p>0,05 p>0,05 p>0,05 p>0,05 





La ligne S indique la valeur et la signification du F(1,44), comparant, pour chaque jour, les performances du groupe C et du groupe NC. 


la phase I, F(7,144)=3.49, p<0,001. Son effet a été étudié pour 
chacune des deux phases constituant la phase I: la phase 
I-1, dont les résultats reflétent le niveau d’émission spon- 
tanée de ‘‘OP’’; la phase I-2, dont les résultats reflétent le 
niveau d’émission de “‘OP’’ en présence du souffle d’air 
chaud. 

Phase I-1: le facteur Age s'est révélé significatif, 
F(7,144)=4,93, p<0,001. Ce facteur étant globalement 
significatif, son influence séparée sur les futurs groupes C et 
NC a été étudiée: Futur Groupe C: F(7,144)=2,62, p<0,01; 
Futur Groupe NC: F(7,144)=2,51, 0,01<p<0,025. La fréqu- 
ence d’émission spontanée de *“‘OP”’ varie donc avec |’age 
chez les rats du futur groupe C comme chez ceux du futur 
groupe NC. 

Des comparaisons effectuées deux a deux [24] montrent 
que pour les deux groupes, elle est significativement moins 
élevée chez les rats de deux jours que chez ceux de cinq, six, 
sept et huit jours (0,01<p<0,05). Elle augmente avec I’age. 

Phase I-2: l’effet de lage s'est révélé non significatif, 
F(7,144)=1,92, p>0,05. La fréquence d’émission de **OP”’ 
en présence du souffle d’air chaud n’évolue donc pas avec 
lage pour l'ensemble des rats. L’influence séparée de ce 
facteur sur les futurs groupes C et NC a été également 
étudiée: Futur Groupe C: F(7,144)=1,16, p>0,05; Futur 
Groupe NC: F(7,144)=1,25, p>0,05. La_ fréquence 
d’émission de *“‘OP”’ en présence du souffle ne varie donc 
pas avec |’4ge, tant chez les rats du futur groupe C que chez 
ceux du futur groupe NC. L’interaction Future Procédure x 
Age des rats n’est pas significative, F(7,144)=0,0016, 
p>0,05. Le pourcentage moyen d’animaux éliminés est de 
12%. 

Des observations qualitatives ont été faites. Au cours de 
cette premiére phase, les jeunes rats sont souvent agités et 
effectuent des mouvements désordonnés. Les rats agés de 
un, deux et trois jours ont une faible exploration locomotrice 
du dispositif. La locomotion devient prédominante vers le 
quatriéme jour. L’exploration du dispositif devient alors 
constante au début de |l’expérience. L’ampleur et le nombre 
de levers de téte augmentent avec |’age. 

Les levers de téte réactionnels a l’application du souffle 
sont toujours plus amples que les levers spontanés. 


(2) Phase Il 


Tous les résultats on été également soumis a un test 
d’analyse de variance a deux facteurs [24]. L’un d’eux est 
constitué par le type de procédure—contingente (C) ou non 


contingente (NC)}—auquel les rats sont soumis lors de cette 
phase. L’autre facteur est lage des rats. 

Facteur procédure. Il s'est révélé _ significatif, 
F(1,144)=30,27, p<0,001. Les fréquences des levers de téte 
des rats soumis a la procédure C et des rats soumis a la 
procédure NC sont significativement différentes. Des com- 
paraisons effectuées deux a deux [24]}—fréquences des lev- 
ers de téte des rats C comparées a celles des rats NC, pour 
chaque jour  d’age—montrent qu’elles different 
significativement aux premier, deuxiéme, sixiéme, septiéme 
et huitiéme jours d’age (Tableau 2). A ces jours d’age, la 
fréquence des levers de téte des rats C est significativement 
plus élevée que celle des rats NC (Fig. 1). 

Facteur age. Il s’est révélé globalement non significatif, 
F(7,144)=1,92, p>0,05. Comme le confirme l'étude des ef- 
fets de ce facteur selon la procédure, la fréquence des levers 
de téte n’évolue pas significativement avec |’ age chez les rats 
C comme chez les rats NC: Groupe C: F(7,144)=1,39, 
p>0,05; Groupe NC: F(7,144)=1,47, p>0,05. En raison de 
cette absence de différence significative globale, nous 
n’avons pas procédé a des comparaisons deux a deux. 

Le test d’interaction Procédure x Age des rats ne révéle 
également aucune différence significative, F(7,144)=0.94, 
p>0,05. 

Le pourcentage moyen d’animaux éliminés au cours de 
cette deuxiéme phase est de 29,75%. 


DISCUSSION 
(1) Analyse et Interprétation des Résultats 


L’ensemble des résultats des phases I et Il montre que 
des animaux comparables entre eux au départ ont un com- 
portement significativement différent selon la procédure a 
laquelle ils ont été soumis par la suite. La supériorité des 
performances des rats C par rapport a celles des rats NC aux 
premier, deuxiéme, sixiéme, septiéme et huiti¢me jours 
semble pouvoir étre interprétée comme effet d’apprentissage 
a ces jours d’age; la fréquence plus élevée de *‘OP”’ semble 
étre die a l'association entre cet operant et le souffle d’air 
chaud. 

Aux troisiéme, quatriéme et cinquiéme jours, l’absence 
de différence significative entre les performances des rats C 
et NC peut avoir plusieurs origines: soit une difficulté 
méthodologique a la mettre en évidence, soit une incapacité 
des animaux a former I’association OP-Rf en raison de | état 
de leurs capacités d’apprentissage 4 ces Ages, soit enfin 
influence sur |’ operant a conditionner de la régression ou de 
l’émergence de certains types de comportements au cours du 
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TABLEAU 2 


MOYENNE (M) ET ECART-TYPE DE LA MOYENNE (SD) DU NOMBRE DE LEVERS DE TETE LORS DE LA PHASE II, POUR CHAQUE JOUR (J) 
D’AGE, POUR LE GROUPE ‘‘CONTINGENT” (C) ET POUR LE GROUPE *‘NON CONTINGENT” (NC) 
2 4 


J | 2 3 


5 7 8 





C (M + SD) 14,5 + 1,67 10,0 + 0,96 9,6 + 0,91 
7s 1 4,0 + 0,82 6,6 + 1,27 


S S NS 
F=4,38 F=6,18 F=1,82 
0,025<p<0,05 0,01<p<0,025 p>0,05 


NC (M + SD) 


10,7 + 0,81 11,7 + 1,27 
10,2 + 2,42 8,0 + 2,12 6,4 + 1 2 0s . 1,70 


F=0,002 
p>0,05 


13,4 + 1, 5,5 i ‘ 1,57 


NS S 
F=3,19 F=9,59 F=7,79 F=4,75 
p>0,05 0,001<p<0,01 0,001<p<0,01 0,025<p<0,05 
(S a 0,10) 





La ligne S indique la valeur et la signification du F(1,44) 
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FIG. 1. Test de conditionnement operant. Phase II. Evolution des fréquences moyennes de levers de téte (Fmr) effectués par les rats des 
groupes contingent (C) et non contingent (NC), par jour d’age (J). En abscisse, 25 minutes (min). 


développement. Sans écarter définitivement les deux pre- 
miéres propositions, la derniére semble devoir étre retenue. 

En effet, certains comportements typiques du rat 
nouveau-né—tels les mouvements réflexes de flexion 
posturale—fortement représentés aux premier et deuxiéme 
jours d’age [3,16], régressent dés le troisiéme jour [16]. Con- 
jointement a ces mouvements, les rats agés de un et deux 
jours lévent donc plus fréquemment la téte que les rats plus 


agés. Ce comportement particulier aux trés jeunes rats pour- 
rait les aider 4 repérer le stimulus renforgant et a former 
l'association OP-Rf. On peut alors émettre hypothése d’un 
parallélisme entre la régression de ce comportement de flex- 
ion posturale vers le troisiéme jour et celle qui marque 
l’évolution de l’apprentissage a cette période. Cependant, 
selon nos résultats, les levers de téte spontanés des rats de 
deux jours sont significativement moins élevés que ceux des 
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rats plus agés. Ce fait contradictoire, soulevant une objec- 
tion non négligeable a cette hypothése, doit la faire envisager 
avec réserve. 

Plus vraisemblable parait celle de l’émergence de 
nouveaux types de comportements. En effet, dans la pre- 
miére de nos expériences utilisant un stimulus thermique 
[11], c’est vers le quatriéme jour que le rat commence a 
montrer des capacités d’apprentissage d’une réponse 
locomotrice d’approche. Dans une autre expérience [12] ot 
les animaux doivent acquérir une réponse d’approche avec 
discrimination spatiale renforcée par un stimulus thermique, 
une proportion notable de rats 4gés de quatre et cing jours 
parvient 4 discriminer entre les deux cétés du dispositif, 
celui ot ils vont recevoir la récompense. 

La période de trois a cing jours représente donc peut-étre 
une étape critique dans la mise en place progressive des 
comportements locomoteurs orientés et par suite dans 
l’acquisition des apprentissages de type spatial. Ces com- 
portements locomoteurs pourraient entrer en compétition 
avec |’*‘operant’’ non locomoteur utilisé dans notre expéri- 
ence. 

Dans nos conditions, |’effet d’apprentissage reflété par les 
performances des rats C apparait nettement dés les premier 
jour d’age. Ainsi, l’acquisition d’un conditionnement oper- 
ant, ou la nature de la relation OP-Rf est souvent considérée 
comme arbitraire, semble étre plus précoce que celle des 
conditionnements locomoteurs utilisant le méme type de ren- 
forcement. Cette précocité est déja suggérée par les résul- 
tats d’autres auteurs [15]. 

L’existence d'une relation spatiale OP-Rf ne rend donc 
pas plus facile Il’ acquisition d’un conditionnement instrumen- 
tal. Ce fait peut sembler paradoxal, si l’on se référe a 
l’importance des stratégies spatiales utilisées par le rat adulte 
au cours des apprentissages, et a leur forte représentation 
dans son répertoire [17]. 

Cependant, la précocité de l’acquisition des conditionne- 
ments operant ne peut réellement constituer un argument en 
faveur de l'artificialisme skinnérien. En effet, l’operant que 
nous utilisons est bien représenté dans le répertoire du rat 
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nouveau-né; dans le nia, il se manifeste dés la naissance dans 
les relations entre la mére et les jeunes eux-mémes, pour 
assurer des besoins alimentaires ou de thermorégulation. 
Dans notre expérience, cet operant se développe plus t6t que 
le comportement locomoteur. 


(2) Corrélats Neurobiologiques 


L’ensemble de nos résultats, l’observation des animaux 
tout au long du test, nous conduisent a formuler des hypoth- 
éses sur les corrélats neurobiologiques des jeunes rats dans 
ce type de tache. 

La mise en activité de la sensibilité somesthésique, 
notamment thermique et tactile, des jeunes rats semble bien 
étre trés précoce [23]. 

Les capacités motrices, et de contréle postural du trés 
jeune rat semblent étre supérieures a celles qui lui sont gén- 
éralement attribuées par la plupart des auteurs dans d’autres 
situations expérimentales, |’*‘open-field’’ par exemple [3,4]. 
Ce fait pourrait constituer une preuve comportementale de la 
mise en activité du systéme vestibulaire dés la vingt- 
quatriéme heure post-natale [3], avant donc, que la matura- 
tion des canaux semi-circulaires soit achevée, vers le sep- 
tiéme jour post-natal [18]. Le fonctionnement du systéme 
vestibulaire, contribuant a assurer |’équilibration, pourrait 
étre a l’origine de stimuli endogénes informant le rat sur la 
position que doit avoir sa téte pour obtenir le renforcement. 

De plus, l’action conjuguée de deux structures—systéme 
vestibulaire et cervelet—est essentielle 4 la régulation de la 
posture et de l’équilibration. Or, le cervelet est l'une des 
derniéres structures cérébrales 4 achever sa maturation [13]. 
Il fonctionne cependant sur un mode particulier, typique du 
systéme nerveux immature (multi-innervation ov plusieurs 
fibres grimpantes font contact avec une seule cellule de Pur- 
kinje) dés le deuxiéme jour post-natal [7, 13, 20, 21]. 

Nos résultats suggérent donc que malgré cet état imma- 
ture le systéme vestibulo-cérébelleux est fonctionnel chez le 
rat nouveau-né, et peut participer 4 un apprentissage as- 
sociatif. 
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CORBETT, D., A. LAFERRIERE AND P. M. MILNER. Elimination of medial prefrontal cortex self-stimulation follow- 
ing transection of efferents to the sulcal cortex in the rat. PHYSIOL. BEHAV. 29(3) 425-431, 1982.—Intracranial self- 
stimulation (ICSS) of the medial prefrontal cortex (MFC) was not affected by lesions of the medial forebrain bundle, the 
nucleus accumbens or medialis dorsalis. However, bilateral, parasagittal knife cuts that transected fibers interconnecting 
the medial and sulcal cortices eliminated ICSS from the MFC with no apparent recovery over a 21 day test period. Similar 
knife cuts produced only transient effects on lateral hypothalamic ICSS. These data suggest that the neural substrates of 
frontal cortex ICSS are very different than those that subserve ICSS along the medial forebrain bundle. 
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INTRACRANIAL self-stimulation (ICSS) can be elicited 
from both the sulcal cortex and the medial prefrontal cortex 
(MFC) [32]. These areas are innervated by the Al0 dopa- 
minergic cell group which has been implicated in ICSS [8,9]. 
Accordingly, a number of investigators have sought to de- 
termine if these dopamine inputs mediate frontal cortex 
ICSS. For example, it has been demonstrated that MFC 
ICSS is accompanied by an enhanced release of dopamine 
and associated metabolites [19] and ICSS from the MFC is 
blocked by neuroleptic drugs [18]. 

Lesion data have yielded equivocal results with regard to 
the role of dopamine in MFC ICSS. 6-hydroxydopamine le- 
sions of all three midbrain dopamine systems resulted in a 
partial blockade of MFC )CSS [24]. More restricted lesions, 
that destroy only the A!0 dopamine cell group, produced 
only a transient suppression of MFC ICSS [35]. Other data 
suggest that dopamine systems may play no role in MFC 
ICSS at all. For instance, MFC ICSS appears to be relatively 
insensitive to the rat-enhancing effects of d-amphetamine 
[11,27]. Further, the local application of dopaminergic recep- 
tor blockers to the MFC via a chemitrode has little effect on 
ICSS from this region [28]. 

These and other findings have led some investigators to 
attribute MFC ICSS, not to the activation of ascending do- 
paminergic fibers but to the activation of descending non- 
dopaminergic fibers. This latter hypothesis was first 
suggested by findings from silver-degeneration experiments 
in which descending fibers associated with MFC ICSS sites 





were observed to traverse medial portions of the caudate 
nucleus and internal capsule where the latter is in close prox- 
imity to the medial forebrain bundle [29,31]. If these de- 
scending non-dopamine fibers do underly MFC ICSS than it 
may explain why amphetamine and lesions of the dopamine 
systems have such minor effects on MFC ICSS. 

In the present experiments, we have examined the de- 
scending cortical medial forebrain bundle efferents as well as 
several other major input and output pathways of the MFC in 
order to determine which were involved in MFC ICSS. 


EXPERIMENT 1: EFFECTS OF LH, MD AND NAC 
LESIONS ON ICSS FROM THE MFC 


In order to evaluate the hypothesis that descending MFC 
efferents mediate MFC ICSS, we made large electrolytic le- 
sions of the lateral hypothalamus (LH) and medial portions 
of the internal capsule through which these fibers pass [1,13]. 
In addition, we assessed the effects of lesions of the nucleus 
accumbens (NAC) and the dorsomedial nucleus of the 
thalamus (MD) on MFC ICSS. These structures both sup- 
port ICSS [22, 26, 30] and are intimately connected with the 
MFC [1,13]. 


METHOD 
Surgery 
Fifteen, male Sprague-Dawley rats weighing 300-400 g at 
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the time of surgery were used in this experiment. Each rat 
was implanted with a bipolar stainless steel electrode (127 
um, Plastic Products) aimed at the MFC while under Nem- 
butal anesthesia (60 mg/kg). At the same time, the MD group 
(N=5) was bilaterally implanted with 254 um stainless steel 
lesioning electrodes aimed at the MD. Similarly, the NAC 
group (N=5) was bilaterally implanted with lesioning elec- 
trodes in the NAC. Finally, the LH group (N=5) received a 
single lesioning electrode, implanted ipsilateral to the MFC 
ICSS electrode. 

Stereotaxic coordinates derived from bregma with the 
incisor bar set at +5.0 mm above the interaural line were: 
MFC: +4.5 mm A-P, +0.7 mm M-L, —2.6 mm ventral to the 
dural surface; MD: —1.5 mm A-P, +1.0 mm M-L, —5.0 mm 
ventral; NAC: +3.5 mm A-P, +1.3 mm M-L, —6.5 mm ven- 
tral; LH: —0.4 mm A-P, +1.7 mm M-L, —8.0 mm ventral. 


Behavioral Testing and Apparatus 


Following a recovery period of at least 3 days, the rats 
were trained to lever press for brain stimulation delivered to 
the MFC in standard lever-equipped boxes. Each lever press 
delivered 500 msec train of 60 Hz sine-wave stimulation of a 
fixed amplitude (40 wA, RMS). No explicit shaping proce- 
dures were employed during the daily 15 min test sessions. 
The rats were tested for 14-21 consecutive days to ensure 
stable responding. The mean rates of response for the last 
three pre-lesion test days were as follows: MD=335+37.9 
(S.E.M.)  presses/IS min; NAC=442.5+47.7; LH= 
314.1+44.4. The MFC ICSS rates in the NAC group were 
somewhat higher than the other two groups; NAC vs LH: 
1(28)= —2.76, p<0.05; NAC vs MD: #(29)= —1.69, n.s. 

Then the rats received anodal, DC lesions of LH, MD or 
NAC while under light ether anesthesia. The lesioning pa- 
rameters were as follows: LH=2.0 mA/10 sec; MD=2.0 
mA/10 sec; NAC=1.0 mA/10 sec. The animals were tested 
on days 1, 4, 7 and 14 post-lesion. Histological details are 
presented at the end of the methods section of Experiment 2. 


RESULTS 


Self-stimulation from the MFC was not markedly affected 
by any of the lesion treatments (Fig. 1). A two factor analysis 
of variance for repeated measures revealed no effect of 
treatment, F(2,12)=0.76, n.s.; of days, F(6,36)=2.17, n.s., or 
of the interaction, F(6,36)=0.77, n.s.. 

The MFC electrodes for all three groups appeared to be 
localized to area 32 which corresponds to the prelimbic area 
of the MFC. No systematic differences were noted among 
the groups with respect to electrode placement (Fig. 3). 

Examples of the lesions are shown in Fig. 2. The LH 
lesions were very large in the case of 3 of the animals. The 
anterior-posterior extent of these leSions was nearly 2.0 mm. 
In these animals the lesions were bounded dorsally by the 
zona incerta or ventral thalamus, ventrally by the base of the 
brain or optic tract, medially by the fornix while laterally the 
medial tip of the internal capsule was destroyed. In all 3 rats 
the LH and MFB sustained heavy damage from a level just 
anterior to the mammillary bodies to the level of the paraven- 
tricular hypothalamic nucleus. Incidental damage was also 
observed in the ventral thalamus, the globus pallidus and 
rhomboid nucleus. In the two remaining animals, the area of 
damage was confined to the medial tip of the internal capsule 
and the LH. No damage was noted in the thalamus or medial 
hypothalamus. 
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FIG. 1. Effects of LH (@—@), NAC (A—A), and MD (@—Gi le- 
sions on MFC ICSS. 


The NAC lesions were aimed at the anterior-medial as- 
pect of the nucleus since this is the region that supports ICSS 
[22] and from which stimulation produces antidromic activa- 
tion of A10 neurons [17]. In 3 out of 5 rats, near total de- 
struction of the anterior pole of the NAC was achieved. In 
addition, the head of the caudate nucleus and/or its medial 
wall were also lesioned. In 2 rats, damage to the head of the 
accumbens was complete on one side (ipsilateral to the MFC 
electrode) but sub-total on the other side. These lesions ex- 
tended roughly 1.0 mm in the anterior-posterior plane. 

The largest lesions were those sustained by the MD group 
(Fig. 2) in which they extended for a distance of approx- 
imately 2.5 mm in the anterior-posterior plane. Only the 
posterior-ventral half of the MD escaped damage in 2 rats. 
The rostral MD in these animals and the entire MD in the 
remaining animals was destroyed. Also heavily damaged or 
totally eliminated by the MD lesions was the habenular 
complex, the paratenial nucleus, the stria medullaris and 
overlying hippocampus. 

Only the LH lesioned animals displayed noticeable be- 
havioral changes following the lesions. All rats showed vary- 
ing degrees of hypophagia and hypodipsia for several days. 
The 3 rats with the largest LH lesions also did not groom and 
exhibited piloerection as well as diarrhea. 


EXPERIMENT 2: EFFECTS OF TRANSECTING MFC 
EFFERENTS TO THE SULCAL CORTEX ON MFC ICSS 


The more sensitive autoradiographic tracing techniques 
have revealed a more extensive system of frontal cortex ef- 
ferents [1] than had been previously described using the 
silver-degeneration method [13]. In particular, Beckstead [1] 
has reported a system of corticocortical projections arising 
from the MFC that extended laterally to the sulcal cortex 
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FIG. 2. Representative cases of LH (A,B), NAC (C,D) and MD 
(E,F) lesions. The smallest lesions in each group are shown to the 
left (A,C, and E) while the largest examples of lesions are shown to 
the right (B,D, and F). 


and caudally to the entorhinal cortex. Since sites in both the 
sulcal and entorhinal cortices support ICSS [6,32] we sought 
to determine if these cortical fibers were involved in MFC 
ICSS. To test this idea we made knife cuts that severed the 
fibers connecting the MFC and sulcal cortices and subse- 
quently assessed the effects of these lesions on MFC ICSS. 


METHOD 


Surgery 


A total of eighteen, male Sprague-Dawley rats weighing 
300-400 g at the time of surgery were used in Experiment 2. 
Twelve of these rats were implanted with bipolar stainless 
steel electrodes aimed at the MFC while the remaining six 
rats had electrodes aimed at the LH. Details concerning 
surgery, electrode construction, coordinates etc. are as de- 
scribed for Experiment 1. 


Behavioral Testing and apparatus 


The animals were screened for ICSS and stabilized ac- 
cording to procedures employed in Experiment |. Again, 
rats were tested in daily 15 min test sessions at fixed current 
intensities of 40 uA (RMS). Once response rates had 
stabilized (approximately 2 weeks) the rats received either 
bilateral (Group MFC-B, N=6) or unilateral (Group MFC-U, 
N=6) knife cuts directed at the fibers between the MFC and 
the sulcal cortex. Similar bilateral knife cuts were performed 
on the six rats bearing hypothalamic electrodes (Group 
LH-B). 

The rates of the two MFC groups per 15 min test session 
were nearly identical; MFC-B (364+36.4 S.E.M.) vs MFC-U 


FIG. 3. Location of MFC electrodes for each lesion group: LH (@); 
MD (%*); NAC (A). 


(374.1+19.2 S.E.M.): 1(34)=0.25, n.s. The LH ICSS rates 
were higher than those of both MFC groups; MFC-B 
(364+36.4 S.E.M.) vs LH-B: (687+80.3 S.E.M.). 

The knife cuts were made with a piece of 23 ga stainless steel 
tubing that housed a length of 30 ga stainless steel wire. 
There was a slight bend in the wire that upon full extension, 
resulted in it protruding from the cannula guide at an angle 
of roughly 90° for a distance of approximately 3 mm. The 
cannula was lowered to a depth just ventral to the rhinal 
sulcus, the knife was extended and the whole assembly was 
moved dorsally for a distance of approximately 3.5 mm. The 
knife was then retracted, and the cannula was withdrawn. 
The knife cuts were performed under Nembutal anesthesia 
(60 mg/kg) according to the following coordinates deter- 
mined from bregma: +2.5 mm A-P, +2.5 mm M-L, and —5.0 
mm from dura to —1.5 from dura. The rats were allowed a 48 
hour recovery period before being tested in 15 min sessions 
at post-lesion intervals of 2, 4, 7, 14, and 21 days. 


Histology 


At the completion of testing (Experiments | and 2) the 
animals were sacrificed with an overdose of Nembutal, per- 
fused with saline (0.9%) followed by 10% Formalin. The 
brains were removed and stored in 10% Formalin for at least 
a week before being frozen sectioned at 30 um. The sections 
were stained with thionin or with a neutral red-luxol fast blue 
counter stain. 

RESULTS 

All the groups showed decreased ICSS 48 hours after the 
knife cuts (Fig. 4). An analysis of variance for repeated 
measures indicated a significant treatment effect, F(2,15) 
= 52.348, p<0.001; a significant day effect, F(4,60)= 
2.921, p<0.05; and a significant interaction, F(8,60)=5.919, 
p<0.01. 

As can be seen in Fig. 4, the groups diverged by post- 
lesion Day 4. The LH group returned to baseline levels of 
responding on this day while the MFC group which had un- 
ilateral knife cuts exhibited a more gradual recovery process 
that was essentially complete by post-lesion Day 7. How- 
ever, the response rate of the bilaterally lesioned MFC group 
continued to decline from post-lesion day 2 and then re- 
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FIG. 4. Effects of knife cuts of the fibers connecting the MFC and 
sulcal cortices on MFC ICSS (A-—A bilateral cuts; ®—@ unilateral 
cut) and LH ICSS (@—@i bilateral cuts). Note the absence of re- 
covery of ICSS in the MFC group sustaining bilateral transections. 


mained at approximately 10% of the pre-lesion response 
level for the remainder of the experiment. With the excep- 
tion of the first test day (p >0.05 Newman-Keuls), the re- 
sponse rate of the bilaterally lesioned MFC group was sub- 
stantially below that of the other two groups (p<0.01 
Newman-Keuls for days 4, 7, 14, and 21). 

Examples of the knife cuts are shown in Fig. 5. Figure 5A 
and 5B depict knife cuts that eliminated MFC ICSS for the 
entire 21 day test period. Figure SC and SD illustrate cases of 
unilateral transections that only temporarily suppressed 
MFC ICSS. The section shown in Fig. 5D is taken from an 
animal in which a bilateral knife cut was attempted. Upon 
histological examination, it was found that the cut on one 
side (left side of Fig. 5D) stopped ventral to the rhinal sulcus. 
Thus this animal was included in the unilateral group. The 
knife cuts in the LH ICSS group (not shown) were similar to 
those shown in Fig. 5A and 5B. 

The knife cuts in all groups extended from the corpus 
callosum ventrally to a point just below the anterior commis- 
sure. In the anterior-posterior plane the transections covered 
a distance of approximately 3 mm in most animals, running 
from the head of the caudate nucleus well into the rostral 
pole of the frontal cortex. This is best shown in the horizon- 
tal section of Fig. SA. Occasionally, in making the knife cuts, 
the wire knife deflected off bone or otherwise twisted so as 
to create more extensive damage than desired. In one or two 
rats in each group, this resulted in cuts that went either ven- 
tral to the anterior commissure, or dorsal to the corpus cal- 
losum and in one rat the transection was complete on one 
side of the brain (Fig. 5B). 

Many of the rats were aphagic and adipsic for the first two 
or three days after the lesions, especially in the case of the 
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FIG. 5. Examples of bilateral knife cuts that abolished MFC ICSS 
(A and B) and of unilateral cuts that produced only a transient sup- 
pression of MFC ICSS (C and D). Plate A is a horizontal section. 
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+4.4 


FIG. 6. Loci of MFC electrodes for the bilaterally (A) and unilater- 
ally (M) transected groups. 


animals receiving bilateral knife cuts. However, by the end 
of the first post-lesion week all rats were eating and drinking 
normally and appeared in good health. 

There were no apparent differences in placement of the 
MFC electrodes in the unilateral or bilateral groups (Fig. 6). 
The LH electrode placements are shown in Fig. 7. 


DISCUSSION 


Previous attempts to uncover the neural substrates of 
MFC ICSS have focused primarily upon the mesocortical 
dopamine systems [22, 24, 28, 35]. The findings from these 
studies have clearly demonstrated that the dopamine sys- 
tems play a less important role in MFC ICSS then they do in 
ICSS at other brain sites, particularly those along the MFB 
[17, 23, 24]. The results of Experiment | are also consistent 
with the findings of these earlier studies in that large elec- 
trolytic lesions of the LH and tip of the internal capsule 
failed to significantly attenuate MFC ICSS. These lesions 
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FIG. 7. Schematic illustration of LH placements. 


would impart considerable damage to the dopaminergic fi- 
bers that traverse in this area [38]. 

However, the most important finding of Experiment | is 
not concerned with the role of dopamine in MFC ICSS, but 
with the involvement of the MFB in MFC ICSS. The MFB 
system which is the main input-output pathway of the limbic 
system [20] has long been regarded as a critical focus of 
ICSS. Lesions of this system have been shown to attenuate 
or eliminate ICSS from a variety of brain sites [15, 21, 36]. It 
is therefore surprising that large MFB lesions do not inter- 
fere with MFC ICSS. One cannot totally rule out the in- 
volvement of the MFB fibers in MFC ICSS, since the lesions 
in Experiment 1 would undoubtedly spare some of the MFB 
efferents from the MFC area. Also, the MFC projection sys- 
tems are bilaterally distributed [1] and thus it could be argued 
that the fibers spared by the unilateral MFB lesions together 
with the crossed contralateral MFC efferents were sufficient 
to maintain MFC ICSS. Because of the severe debilitating 
effects of bilateral MFB lesions, this hypothesis is not 
readily testable. In fact, even the unilateral MFB lesions in 
the first experiment interfered with food and water intake for 
several days. Despite this one reservation, two additional 
pieces of information further weaken the notion that MFC 
ICSS is dependent upon fibers of the MFB. Schenk and Shiz- 
gal [33] have been unable to find any evidence for functional 
connectivity between ICSS sites in the MFC and LH using 
the collision techngiue [34]. Secondly, the pattern of 
heightened metabolic activity elicited by MFC ICSS as re- 
vealed by the 2-deoxy-D-glucose method does not overlap 
with the pattern of increased activity associated with LH 
ICSS (Gallistel, 1981, personal communication). Taken to- 
gether, these data strongly suggest that the neural substrates 
for LH and MFC ICSS are not the same. 

The fact that MFC ICSS has such different characteristics 
(e.g. slow acquisition, refractory to amphetamine) than MFB 
ICSS is also suggestive of different neural systems subserv- 
ing ICSS at these two sites. On this basis, it seemed reason- 
able to investigate the contribution of some of the major 
non-dopaminergic systems to MFC ICSS. Two such path- 
ways are those extending from MD to the MFC and from the 
MFC to the NAC. These systems were of particular interest 
because both the MD and NAC support ICSS [22, 26, 30] and 
the latter nucleus is implicated in the reinforcing effects of 
stimulant drugs [16,25]. However, extensive lesions of the 
MD and NAC were without effect on MFC ICSS. The 
wholly negative findings of Experiment | suggested that the 
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major subcortical projection systems of the MFC area were 
not essential for the maintenance of ICSS. 

In the search for candidate substrates for MFC ICSS, we 
decided to investigate a recently described corticocortical 
pathway running from the MFC to the sulcal and entorhinal 
corticies [1]. This rather extensive system had escaped de- 
tection in earlier neuroanatomical tracing studies that 
utilized the less sensitive silver degeneration methods 
[13,29]. In Experiment 2 it was found that bilateral transec- 
tions of the fiber bundles interconnecting the MFC and sulcal 
corticies blocked ICSS from the MFC. Indeed, no recovery 
of lever pressing was evident over the 21 day post-lesion test 
period. Unilateral knife cuts produced a transient suppres- 
sion of ICSS that had recovered to approximately 80% of 
pre-lesion levels by post-lesion day 7. The recovery of ICSS 
exhibited by this group may be accounted for by the fact that 
the projections of the MFC are bilaterally distributed to both 
hemispheres [1]. Thus, these crossed fibers spared by the 
unilateral knife cuts, may be capable of sustaining MFC 
ICSS. 

An interpretative difficulty that besets all lesion studies of 
ICSS is whether a lesion induced change in behavioral out- 
put levels reflects an interference with the reward itself or an 
interference with performance capability. The results of Ex- 
periment 2 appear to be best explained by a relatively selec- 
tive interference with the rewarding effects of MFC stimula- 
tion, although some effect on performance cannot be totally 
excluded. If the suppression of MFC ICSS in this experiment 
was due to some non-selective factor then this effect should 
also have been evident in the LH group since the knife cuts 
were similar in the two groups. However, LH ICSS was not 
affected by these bilateral knife cuts (Fig. 4). It might also be 
argued that the suppression of MFC ICSS was due to some 
rate-dependent lesion effect since the response rates of the 
MFC groups were lower than those of the LH group. This 
explanation seems unlikely since nucleus accumbens ICSS, 
which is characterized by lower response rates than A10 
ICSS, is not greatly affected by 6-hydroxydopamine induced 
lesions of the dopamine systems whereas the same. lesions 
strongly attenuate Al10 iCSS. Thus the baseline rate of ICSS 
cannot be used to predict the outcome of a lesion treatment. 

The specificity of these results is further supported by the 
observation that the animals in each of the three groups dis- 
played the greatest general debilitation (hypophagia, 
hypodipsia, hypoactivity) on the first test day. As the 
animals recovered over the next few days, ICSS rates in both 
the LH group (bilateral cuts similar to those in the MFC 
groups) and the MFC (unilaterally transected group) re- 
turned to pre-lesion levels. In contrast, the MFC bilaterally 
transected group, though showing the same level of behav- 
ioral recovery as the other two groups, did not show re- 
covery of ICSS (Fig. 4). In fact, the highest level of respond- 
ing observed in the MFC bilaterally lesioned group occurred 
on the first test day (post-lesion day 2) when the animals 
displayed the greatest malaise. Over subsequent test days 
the response rates in these animals declined to operant 
levels, even through they were eating, drinking and locomo- 
ting normally. 

Other non-specific factors, such as displacement of the 
MFC electrode by the transections (which was not evident, 
Fig. 5) also cannot account for the elimination of MFC ICSS 
since this trauma should also be most evident immediately 
after the lesion. Thus, the high level of responding exhibited 
by the MFC-bilaterally lesioned group on test day | is not 
consistent with a non-specific performance effect. Instead, 
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this pattern of responding is similar to that displayed during 
extinction. Although this interpretation of the data is tempt- 
ing, the time sampling of responding in Experiment 2 was not 
frequent enough to reveal whether response rates attained 
those of pre-lesion levels during the first few minutes of the 
test session. 

If these corticocortical projections are critical for MFC 
ICSS, then it becomes important to identify other compo- 
nents of this circuit. Are sulcal and entorhinal cortices part 
of the system? Self-stimulation has been reported from both 
of these cortical areas [6,32] as well as from the hippocampus 
[39] which received an input from the entorhinal cortex via 
the perforant path [12]. Hippocampal ICSS, like MFC ICSS 
is acquired slowly but can be facilitated by the delivery of 


non-contingent stimulation prior to ICSS training [3, 4, 7]. 


Sulcal cortex ICSS, unlike MFC ICSS, appears to involve 
dopamine systems. 6-Hydroxydopamine lesions of the as- 
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cending dopamine pathways have been reported to eliminate 
sulcal cortex ICSS [5]. However, this interesting finding has 
not been replicated in a recent study conducted by the origi- 
nal investigators [10]. Thus, any important dopamine in- 
volvement in sulcal cortex ICSS now appears doubtful. 

Perhaps sulcal ICSS as well as ICSS from other cortical 
sites is subserved by a common neural system. If this hy- 
pothesis proves correct, then it would become necessary to 
reconsider current theoretical views that envision a unitary, 
dopamine modulated reinforcement system [40]. 
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BEAN, N. J. Modulation of agonistic behavior by the dual olfactory system in male mice. PHYSIOL. BEHAV. 293) 
433-437, 1982.—This study analyzed the effects of deafferentation of the main, vomeronasal or both olfactory systems on 
the agonistic behavior of male mice in response to unfamiliar male intruder mice. In every animal, regardless of the 
technique used, disruption of the vomeronasal system led to consistent reductions in agonistic behavior. All animals 
receiving bulbectomies, vomeronasal tract transections or a combined treatment of vomeronasal cuts and ZnSO, nasal 
flush reliably suppressed agonistic responding toward the intruder. Animals treated with intranasal ZnSO, alone or those 
receiving control procedures continued to respond to the intruders at rates similar to pretreatment. These results indicate 
that the vomeronasal system is directly involved in the perception of the male chemosignals modulating agonistic behavior 
and, therefore, is capable of modulating the male’s response to these signals. 
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THE importance of a functionally intact chemoreception 
system in the initiation and maintenance of agonistic re- 
sponding has been reported in numerous studies. Ropartz 
[12] initially reported that bilateral olfactory bulbectomy to- 
tally eliminated the agonistic behavior of isolated male mice. 
Not only did these animals not attack, but when attacked by 
a normal male, they fled or assumed a submissive posture. 
Subsequent investigations have replicated these findings a 
number of times [3, 4, 8, 13]. Contrary to these reports is the 
observation that peripherally induced anosmia produced by 
zinc sulfate (ZnSO,) nasal perfusion has only minor effects 
on intermale isolated induced fighting in mice [2]. 

The differential effectiveness of total bulbectomy and 
ZnSO, induced anosmia has suggested a dissociation of the 
functional roles of the components of the dual olfactory sys- 
tem. Previous investigators have shown that although bul- 
bectomy destroys both the main and accessory olfactory sys- 
tems, ZnSO, treatment leads to a disruption of the main 
system leaving the accessory system functionally intact [9]. 

The anatomical distinction between the main and ac- 
cessory olfactory systems has been well described by previ- 
ous investigators [11, 14, 21]. However, only recently has a 
functional dissociation between the two systems been 
suggested [9]. This distinction asserts that the main olfactory 
system is essential for the detection of non-socially relevant 
odor cues while the accessory system is involved in the de- 
tection of socially relevant chemosignals. In this way, the 
main system detects odors such as food, while the detection 
of chemosignals involved in courtship [1] and reproduction 
[9, 21] depends upon the integrity of the vomeronasal sys- 
tem. In order to determine if the vomeronasal system is simi- 
larly involved in the detection of other socially relevant 





chemical cues, the present investigation analyzed the func- 
tional role of the dual olfactory system in agonistic behavior 
in mice. 


METHOD 
Subjects 


Randomly bred male Swiss Webster mice weaned at 25 
days of age were used. The mice were housed 4 per cage in 
like-sex, non-sibling groups until the beginning of experi- 
mentation at approximately 100 days of age. Water and 
Wayne Lab Blox food were continually available throughout 
the experiment and all animals were maintained on a re- 
versed, 12:12 L:D cycle. 


Apparatus 


The agonistic behavior testing chamber consisted of one 
of four identical opaque walled 20 gallon aquaria (51 x 40x30 
cm) containing a steam cleaned alcohol rinsed mouse box 
(17x29x11 cm) placed at one end of each aquarium. The 
aquaria were also steam cleaned and alcohol rinsed after 
each test session. Attached to the side of each mouse box 
was a 3040 cm aluminum barrier which contained a 40 mm 
diameter hole into the mouse box and separated the test 
chamber into a 30x40 cm closed field arena and a readily 
accessible, separate ‘“‘home’”’ area containing the mouse box, 


food and water. (ee 
The apparatus for the olfactory discrimination test was a 


10x 10x 15 cm Plexiglas chamber with two opaque side tun- 
nels (10x5x15 cm) attached at opposite sides of the 
chamber, as previously described [1]. The ends of the tun- 
nels were baited with either bits of cookie (Oreo), or the 


1This research was submitted to the Graduate College of Bowling Green State University in partial fulfillment of the Ph.D. degree. 
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shredded remains of a freshly smoked cigar. These stimuli 
were placed behind hardware cloth end caps, and the sides 
into which the stimulus was placed was randomized across 
the animals within each group. 


Procedure 


When the mice were approximately 100 days of age, pre- 
treatment behavioral testing, conducted 2-hr after lights off, 
was initiated. Agonistic and olfactory testing was conducted 
in the colony room and was preceded by a 24-hr habituation 
period during which the resident mouse was individually 
placed into the closed field portion of the aquarium and al- 
lowed unrestricted exploration of the arena and the home 
area. Following this 24-hr accomodation in aquarium, a simi- 
lar aged intruder mouse was introduced into the closed-field 
area and the following discrete behavioral patterns of the 
resident animal were recorded, under dim red light, during 
each 10-minute test session: 

Fights. The fights were recorded as the number of attacks 
by the resident that-were followed by at least 3-sec of tum- 
bling, kicking and biting. None of the following component 
behaviors were recorded during a fight. 

Bites. Bites ranged markedly in severity and were typi- 
cally directed toward the neck or flanks. 

Attacks. Attacks were recorded as incomplete fight se- 
quences that lasted less than 3-sec. This behavior many 
times preceded a fight but was only recorded if no fight 
ensued. 

Tail rattles. The number of discrete tail rattling sequences 
by the resident that were followed by at least 2-sec without 
rattling. 

Attack latency. This measure was recorded from the time 
the intruder was placed into the test situation until the first 
attack or fight was recorded. 

Total time fighting. This measure included the cumulative 
time that the resident was fighting, or attacking the intruder. 

Total time sniffing. This measure included the cumulative 
time that the resident was sniffing and exploring the situa- 
tion. This measure included exploration of head, flanks and 
ano-genital regions although most sniffing was directed to 
the head and ano-genital area. 

On the day following the first test, the resident animals that 
had exhibited at least two fights during this pretreatment test 
session were assigned to one of 12 matched treatment 
groups. Matching was based upon the number of fights and 
total time fighting recorded during the pretreatment test. 


Treatment Procedure 


Five experimental treatment groups (N=8 per group) 
were formed. Animals in these groups received (1) olfactory 
bulbectomy (OB), (2) vomeronasal tract transection (VN), 
(3) nasal zinc sulfate perfusion (Z), (4) vomeronasal tract 
transection plus zinc sulfate perfusion (VNZ), or (5) vibris- 
sectomy (VX). The OB animals were anesthetized with ether 
and placed in a stereotaxic, and the olfactory bulbs were 
exposed with a dental burr. The bulbs were then bilaterally 
aspirated and the cribriform plate scraped to remove any 
remaining tissue. The cavity was then packed with Gelfoam, 
the scalp sutured, and the animal was returned to its home- 
cage. 

Vomeronasal tract cuts were similar to those described by 
Powers and Winans [10]. The VN animals were 
anesthetized, placed in the stereotaxic, and the olfactory 
bulbs exposed. Mueller microdissection scissors that had 
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been filed to an approximate width 0.5 mm and an approx- 
imate thickness of 0.5 mm were opened to a width of 1 mm at 
the tip and lowered manually across the midline of the bulbs 
approximately 1.0 mm anterior to the frontal poles. 
When the tips of the blades touched the cribriform plate, 
the scissors were closed and removed. The wound in the 
skull was then packed with Gelfoam and the scalp sutured 
prior to returning the animal to its cage. 

Zinc sulfate treatment followed a procedure similar to 
that described by Vandenbergh [18]. The animals were 
anesthetized, inverted, and a | in x 24 g blunted and bent 
hypodermic needle was inserted into the posterior choanae. 
Approximately 0.2 ml of a freshly made, room temperature 
ZnSO, solution (5%) was gently flushed through the nasal 
cavity as mild suction was applied to the external nares. The 
oral cavity was also aspirated to minimize the potential of 
intragastric ingestion of the solution. 

The vibrissae were removed from the VX Group animals 
to control for a general loss of sensory input. These animals 
were anesthetized and the mystacial vibrissae plucked out 
with forceps. 

A variety of groups (N=4 per group) were employed in 
order to control for the effects of surgery and etherization. 
The OB sham (OB-S) animals received the same treatment as 
the OB Group except that no tissue was removed. Similarly, 
the VN sham (VN-S) animals received the same surgical 
treatment as the VN Group except that the scissors were 
removed without being closed. In order to control for the 
effects of perfusion of the nasal cavity, Z sham (Z-S) animals 
received the intranasal flush as described for the Z Group, 
animals with the exception that a 0.9% saline solution was 
administered rather than ZnSO,. Additionally, the animals 
receiving the VNZ sham (VNZ-S) manipulations received 
sham vomeronasal tract cuts in combination with a saline 
flush of the nasal epithelium. Finally, the animals in Groups 
OB-C and VN-C received olfactory bulbectomies or vom- 
eronasal nerve cuts, respectively, as described above. In 
order to assess the possible effects or repeated ether treat- 
ment, the animals in each of these groups additionally re- 
ceived an anesthetic dose of ether two days before retesting. 
Finally, the mice in Group ZN-C were given an anesthetic 
dose of ether seven days before the second test and received 
ZnSO, treatment two days before retesting. 

The animals in Groups OB, OB-S, VN, and VN-S were 
allowed to recover for seven days before retesting, while the 
animals in the Z, Z-S, VX, VNZ, VNZ-S, OB-C, VN-C and 
ZN-C groups received two full days of recovery before the 
second agonistic behavior test. This variation between 
treatment and retesting was necessitated because the 
ZnSO, and the vibrissectomy treatments are fully effective 
for only a very short time period following treatment. 

The post treatment test followed the same protocol as the 
first session. Immediately subsequent to this test, each resi- 
dent animal was given a 5-minute test to assess olfactory 
discrimination abilities. Any animal that divided its time 
equally between the two tunnels was assumed to be anosmic. 
The behavior recorded during this test session was the 
cumulative time during which the mouse had both front feet 
within 5 cm of the end caps in each tunnel, and was oriented 
toward the baited end caps. Following completion of testing, 
the animals in groups OB, VN, VNZ, OB-C, VN-C, and 
VNZ-S were overdosed with ether and their brains were 
removed and fixed in Formalin. After the brains had been in 
Formalin for at least 7 days the brains from the animals in the 
OB, OB-C and OB-S groups were visually examined while 





OLFACTION AND AGONISTIC BEHAVIOR 


other brains were examined following standard histological 
procedures. 


RESULTS 
Histological 


Macroscopic examination of the brains from the OB and 
OB-C animals indicated that a relatively uniform amount of 
tissue had been bilaterally removed. Both the main and ac- 
cessory olfactory bulbs of each animal were totally ablated. 
However, slight damage was also uniformly seen in the 
anterior olfactory nucleus, and the lateral olfactory tract as 
well as slight damage to the frontal cortex. 

Microscopic examination of the brains bearing vo- 
meronasal tract transection illustrated the very consistent 
damage seen following nerve cuts. Sectioning of the vo- 
meronasal tract led to bilateral degeneration of the tract caudal 
to the cut as well as induction of gliosis and marked degen- 
eration in the accessory olfactory bulbs. Slight damage was 
also observed in the main bulbs at the level of the transec- 
tion. This damage to the main bulbs was relatively consistent 
and was seen in both the glomerular and the mitral cell 
levels. A more complete histological description may be 
found in a previous publication [1]. In the sham lesioned 
animals (Groups VN-S, and VNZ-S) the vomeronasal nerve 
sustained no damage and no degeneration was observed in 
the accessory bulbs, further indicating that the vomeronasal 
nerve was intact in the animals in this group. 


Behavioral 


During pretesting, none of the intruder animals initiated 
an attack or a fight, while 78% of the resident animals insti- 
gated at least two fights. These resident animals were there- 
fore selected for further study. Additionally, there were no 
descernable differences observed in the general physical ap- 
pearance of the selected animals either during the pre or the 
post treatment session. The animals remained relatively 
close to their pretreatment body weights and appeared to be 
quite active and healthy without signs of malaise or lethargy 
from any of the treatments. : 

Preliminary analysis of the data showed that there were 
no reliable differences in behavior between any of the sham 
groups during either the pre or post treatment tests. The data 
from these animals were, therefore, combined into a single 
group for all further analysis. Additionally, because there 
were no reliable differences between the behaviors of the OB 
and the OB-C animals these groups were combined into one 
OB group for all further analysis. Similarly the data from the 
VN-VN-C groups were combined and the ZN and ZN-C 
groups’ behavioral data were combined when preliminary 
analysis evidenced no reliable differences between the 
groups. 

Initial analysis indicated that all of the data did not con- 
form to the assumptions of parametric statistics. The latency 
data were not distributed normally and did not evidence 
homogeneity of a variance. All data were therefore analyzed 
by nonparametric methods. The Wilcoxson sign test was 
used for all within group comparisons, and the Mann- 
Whitney U test was used for the between group comparison 
[16]. 

During the post treatment testing session, the animals in 
the Sham group and the VX animals increased their aggres- 
sive responding toward the intruders over the pretreatment 
levels (see Figs. 1 and 2). Reliable increases in responding by 
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FIG. 1. Mean (+SEM) frequencies of agonistic behaviors emitted by 
the experimental animals in each group. Group abbreviations: 
S=sham lesion; OB=olfactory bulbectomy; VN =vomeronasal tract 
transection; Z=zinc sulfate nasal perfusion; VX=vibrissectomy; 
VNZ=vomeronasal tract transection plus zinc sulfate nasal perfu- 
sion. 
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FIG. 2. Mean (+SEM) of latencies to attack and total time fighting 
and sniffing. The olfactory discrimination data are presented as the 
mean (+SEM) the smell ratio for each group. The smell ratio was 
calculated as the total time in the cookie baited tunnel/total time in 
the cigar baited tunnel. Group designations are as in Fig. 1. 


the S animals were found in the number of fights, bites, and 
tail rattles as well as in the total time fighting and the total 
time sniffing the intruder (p’s<0.05). Similar significant in- 
creases in the behavior were seen in the VX animals in the 
number of fights and bites as well as the total time sniffing 
(p’s<0.05). 

The post treatment behavior of the animals in the groups 
receiving treatments which disrupted only the accessory ol- 
factory system or the accessory system in conjunction with 
the main olfactory system showed large, reliable decreases 
in agonistic behavior in comparison to pretreatment levels. 
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Animals in the OB, VN, and the VNZ Groups showed direc- 
tionally identical, significant reductions in all recorded 
measures (p’s<0.05) except attack latency which was ob- 
served to increase reliably (9<0.05). These reductions in 
agonistic responding were noted for each individual animal 
in each of these groups and were recorded as a 50-100% 
behavioral reduction from pretreatment levels. 

Between group comparisons of the post treatment behav- 
iors indicated that any treatment resulting in dysfunction of 
the main and accessory olfactory systems (OB and VNZ) 
produced a marked decrease in agonistic responding. The 
animals receiving bulbectomies (OB) and the animals in the 
group receiving vomeronasal cuts in combination with 
ZnSO, treatment (VNZ) behaved essentially the same fol- 
lowing treatment. The only significant differences in the be- 
havior of the animals in these two groups were the greater 
attack latency and less total time fighting shown by the OB 
animals (p’s<0.05). The animals in these two groups were, 
however, reliably different than the animals in any of the 
other treatment groups and exhibited fewer fights, tail rat- 
tles, showed less total sniffing time, and a greater latency to 
attack (p’s<0.05). Additionally, the OB and the VNZ 
animals responded to the intruders with fewer attacks and 
bites than did any of the other groups of animals (p’s<0.05) 
except the VN animals. The OB animals also exhibited sig- 
nificantly less total attack time then the animals in the re- 
maining groups, and the VNZ animals had less total time 
fighting than the Sham lesioned and the VX animals 
(p’s<0.05), but not the VN animals. 

The post treatment behavior changes of the animals re- 
ceiving VN tract transection was smaller in magnitude, but 
in the same direction as those seen in the animals receiving 
the OB and the VNZ treatments. Animals in the VN Group 
exhibited significantly fewere fights, bites, attacks, tail rat- 
tles, less total sniffing time, and a greater attack latency than 
the S, VX, or the Z animals (p’s<0.05). They also showed 
less total time fighting than the VX and S animals (p’s<0.05) 
but not the Z animals. 

Following disruption of only the main olfactory system by 
intranasal perfusion of ZnSO,, behavioral levels were inter- 
mediate between the levels of the animals in the Sham and 
VX groups and the groups with accessory olfactory system 
damage (OB, VNZ, and VN). The agonistic responding of 
the Group Z animals was slightly modified and these animals 
only showed reliably less post than pretreatment responding 
in the number of fights and the total time fighting (p’s<0.05). 
Further, the Z animals exhibited reliably fewer fights, at- 
tacks, and total time fighting than shown by the Sham or the 
VX animals (p’s<0.05). 


Olfactory Discrimination 


The behavior of the animals in the olfactory discrimina- 
tion test session was generally consistent across all experi- 
mental groups. Upon being placed in the chamber, the 
animals explored for a very short time before entering one of 
the side tunnels. Once in the tunnel, the animals explored the 
endcaps and typically tried to lick or grab the cookie or cigar 
before leaving this tunnel to enter the central chamber and 
the other tunnel. During the test, the animals entered both 
tunnels several times and spent a total of at least two minutes 
of the five minute session within 5 cm of the endcaps with 
little total time in the main chamber. 

The olfactory discrimination test provided very consis- 
tent results with respect to the nature of the olfactory defi- 
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cits. The three manipulations that disrupted the main olfac- 
tory system resulted in very marked deficits in the odor dis- 
crimination abilities of these animals. While the OB, Z, and 
VNZ animals were not reliably different from each other, 
these animals did exhibit significantly less preference for the 
cookie side of the chamber than any of the other groups 
(p’s<0.05). These animals lacking main olfactory system 
input tended to spend an equivalent amount of time in each 
tunnel and did not evidence a reliable preference (or aver- 
sion) for either tunnel, even though they did explore both 
baited endcaps. Each of the animals in the Sham, VN and the 
VX Groups, however, demonstrably preferred the cookie 
side of the chamber and avoided the cigar. These relation- 
ships are illustrated by the smell ratio displayed in Fig. 2. 


DISCUSSION 


The results of the present study are very consistent with 
the observations of previous investigators. The previously 
reported effects of experience on agonistic responding [7,15] 
were seen in the behavior of the Sham and VX animals, with 
these animals responding more aggressively during the 
posttreatment than during the pretreatment test session. This 
observation suggests that these control procedures were 
minimally, if at all, disruptive to the agonistic behavior of the 
animals. 

The present study also found dramatic changes in behav- 
ior following olfactory bulbectomy. As was reported by 
previous investigators [12,13], olfactory bulbectomy virtu- 
ally eliminated agonistic responding. Following bulbectomy 
only one of the animals was observed to attack or tail rattle 
toward the intruder. Additionally, each of these animals ap- 
peared to avoid contact with the intruder and actively fled 
from most approaches by the intruder. This dramatic reduc- 
tion in agonistic responding confirms the results of previous 
studies and extends these finings to a novel paradigm. 
Further the vigorous escape and avoidance behavior of these 
animals is consistent with the observation that these behav- 
ioral decreases were not due to malaise or lethargy, or an 
inability of the treated mice to emit vigorous and intense 
behavioral responding. 

The behavior of the ZnSO, treated animals suggests that 
the effects of total olfactory bulbectomy were not simply due 
to a removal of the main olfactory system. Although the 
anosmia induced by ZnSO, should bring about a similar loss 
of input to the main olfactory system as bulbectomy, 7 of the 
ZnSO, treated mice fought at least two times during the post 
treatment session. This observation is consistent with the 
findings of Edwards, et al. [4] who reported that ZnSO, 
treated mice would reliably attack an intruder mouse. 
Further, this finding suggests that the functional integrity of 
the main olfactory system is not necessary for the expression 
of vigorous agonistic behavior. Indeed, taken together, the 
present results suggest that the integrity of the accessory 
system is far more important than the main olfactory system 
for the expression of agonistic behavior patterns. 

The transection of the vomeronasal nerve was seen to 
reliably reduce the agonistic behavior of each animal. Al- 
though the suppression in responding was not as extreme as 
that seen following bulbectomy, all VN cut animals showed a 
marked decrease in agonistic responding. The decrease in 
agonistic behavior was quite marked as all of these animals 
either did not fight or fought only once or twice during the 
post treatment test session. Thus, the vomeronasal nerve 
cuts exerted a powerful suppressive effect on the expression 
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of agonistic behavior. The difference in the total sniffing time 
of the bulbectomized and the vomeronasal nerve cut animals 
may indicate that the intruder no longer holds the correct cue 
values and may not be perceived as an object to be aggressed 
against. Based upon this observation and the results of the 
ZnSO, treatment, the effectiveness of the combined treat- 
ment is hardly surprising. 

As expected the animals that received both vomeronasal 
cuts and the subsequent ZnSO, treatment behaved much like 
the bulbectomized animals. Following these manipulations, 
only two of the animals were observed to fight with the in- 
truders. Although these results were consistent with the re- 
sults of the other manipulations and the observations of pre- 
vious investigators, the effects of vibrissectomy were with- 
out obvious precedent. 

Contrary to previous reports, the removal of vibrissae 
had only a minor effect on agonistic behavior. Katz [6] re- 
ported that vibrissectomy in combination with facial 
anesthesia markedly reduced isolation induced fighting in 
mice. However, because the animals in the present study 
were still able to receive facial sensation, albeit in the ab- 
sence of direct vibrissal stimulation, agonistic behavioral 
levels were maintained and even slightly increased. This ob- 
servation suggests that the critical factor in mystacial vibris- 
sal modulation of aggressive behaviors is not likely the vib- 
rissae themselves, but perhaps the sensory receptors located 
at the facial lipline [5] or elsewhere. 

The results of the olfactory discrimination test session 
further establish the effectiveness of the experimental ma- 
nipulation and support the conclusion that the main and ac- 
cessory olfactory systems are functionally separable. Every 
animal that received manipulations which disrupted the main 
olfactory system (Groups OB, Z and VNZ) failed to show a 


preference for either the cookie or the cigar baited arm of the 
test chamber. Each animal, in the Sham, VX and the vo- 
meronasal nerve cut groups, on the other hand, demonstrated 
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a very clear preference for the cookie baited arm of the 
chamber. Thus, when the olfactory information was of a 
social chemosignal nature the animals bearing vomeronasal 
nerve cuts were deficient in emitting the relevant behaviors, 
but, these animals were able to make a marked olfactory 
discrimination when the cues were of a non-social nature. 

One possible shortcoming that cannot be accounted for 
with the present data is that the vomeronasal nerve cuts may 
have resulted in a motivational deficit. It is possible that the 
nerve cuts could have indirectly lowered testosterone levels 
which could have, in turn, lowered the males’ motivation to 
respond aggressively. In the present study no measures of 
testosterone levels were obtained, however, previous evi- 
dence strongly suggests that bulbectomy does not effect 
testes or accessory gland epithelium weights [19]. Therefore, 
it does not seem likely that vomeronasal nerve cuts alone 
would reliably reduce testosterone levels. However, it is not 
possible to completely rule out this possibility with the pres- 
ent data. 

In summary, the present data suggest that disruption of 
the accessory olfactory system reduces the expression of 
agonistic behavior in male mice independent of the main 
olfactory system. This finding is consistent with the findings 
of other studies analyzing other behaviors mediated by 
intraspecific chemical cues [1, 9, 10] and suggests that 
agonistic responding may be mediated by olfactory stimuli 
via the main olfactory system in part, but that the accessory 
system plays a primary role in the chemical mediation of 
agonistic responding. 
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LINDBERG, M. A., A. L. BEGGS, D. D. CHEZIK AND D. RAY. Flavor-toxicosis associations: Tests of three hypothe- 
ses of long delay learning. PHYSIOL. BEHAV. 29(3) 439-442, 1982.—Rats were prepared with gastric cannulas and 
esophageal fistulas to assess the contribution of taste and smell, postingestinal stimuli, and the combination of the two in 
forming flavor-toxicosis associations. Groups were either given sugar water to drink, a stomach intubation of sugar water, 
both sugar water to drink and a stomach intubation of sugar water, or not given sugar water. The experimental and 
pseudo-conditioning control animals were given a LiCl injection and the control animals were given a NaCl injection one 
hour later. They were tested for drinking of sugar water the next day. It was found that taste and smell are the primary 
stimuli for forming food aversions. Furthermore, postingestional stimuli are not sufficient to produce this type of learning. 
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THE pairing of a novel food with induced illness results in an 
aversion to the food. A major difference between this 
paradigm and other learning paradigms, e.g. classical condi- 
tioning, is the duration of the interstimulus interval (ISI). In 
classical conditioning paradigms, the ISI has to be limited to 
seconds if strong conditioning is to occur. Flavor-toxicosis 
experiments, on the other hand, have demonstrated condi- 
tioning with the interval between ingestion and malaise ex- 
tended to 12 hours [8]. There are at least three hypotheses 
that attempt to explain how this conditioning can occur over 
long delays, but they differ in the importance of stomach and 
taste factors in the acquisition of flavor-toxicosis associa- 
tions. The hypothesis which stresses stomach factors can be 
inferred from several criticisms of the flavor toxicosis 
paradigm. This hypothesis suggests that the smell and/or 
taste of an ingested food in returned to the mouth at the time 
of illness by some reverse transport system (e.g., retching) 
[1]. Another variation of this hypothesis suggests that there 
may be a receptor system in the stomach which encodes the 
taste and serves as the CS [2]. Proponents of the stomach 
theories therefore argue that flavor-toxicosis associations, 
like other associations, are formed over relatively short 
intervals. Although several studies have tested these hy- 
potheses [3, 12, 13], each study contained some methodolog- 
ical problems. In one study [13], LiCl was inserted directly 
into the stomach by a tube that was dipped in honey to mask 
the taste of any LiCl left on the catheter and to induce swal- 
lowing. These subjects did not later show aversions to LiCl, 
but the results are confounded because the honey could have 
overshadowed the LiCl. Because overshadowing has been 
found in this paradigm [9], the hypothesis that stomach fac- 
tors are important cannot be ruled out. Another study [3] 
attempted to eliminate stomach factors by pumping the in- 
gested liquid out of the stomach as the rat drank. However, 





only 92% of the liquid could be retrieved in this study, leav- 
ing 8% to possibly serve as a CS. Perhaps the strongest test 
of the *‘stomach hypothesis’’ involved injecting a flavored 
substance directly into the stomach and testing for later 
flavor toxicosis associations [12]. However, these data were 
so variable that the persuasiveness of the results were 
greatly diminished. 

A second hypothesis [3], which has not been as exten- 
sively tested is a mediation hypothesis which suggests that 
although stomach factors alone are not sufficient to produce 
flavor toxicoses associations, they may facilitate them. It 
has, for example, been found that the ingestive act (ap- 
proach, licking, and swallowing liquid into the stomach) does 
facilitate flavor-toxicosis associations [4]. Furthermore, the 
initial stimulation of the upper gastrointestinal tract and 
stomach may potentiate taste and smell; and, in line with 
this, it has been shown that the reinforcing properties of 
certain nutrients inserted directly into the stomach operate 
very quickly [8]. In summary, the mediation hypothesis 
suggests that even if stomach factors alone cannot com- 
pletely account for flavor-toxicosis associations, they still 
may serve some facilitory role. 

The third hypothesis is the memory hypothesis which re- 
quires no post-ingestional bridging mechanisms and suggests 
instead that taste and smell stimuli are centrally stored in 
memory and serve as the conditioned stimulus in flavor- 
toxicosis associations [5,10]. 

The present experiment tested these three hypotheses 
without the confounding pointed out by other writers [1]. By 
severing the esophagus in rats and creating an esophageal 
fistula and using a gastric cannula, it was possible to assess 
the effects of oral stimuli alone (M), gastric stimuli alone (S), 
and the combination of the two (MS) in forming long-delay 
taste aversions. 


‘Requests for reprints should be sent to Donald Ray, Department of Psychology, Marshall University, Huntington, WV 25701. 
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FIG. 1. The gastric cannula consists of a rubber cap, a hypodermic 
needle lock, and a 12 cm section of polyethylene tubing. A harness is 
used to secure the cannula. 


METHOD 
Animals 


The subjects were 42 male Long/Evans hooded rats 
90-100 days old housed in individual wire cages throughout 
the experiment. 


Materials 


A 12 cm length of **Bardic’’ feeding tube, 5 Fr., was used 
as a gastric cannula. One end of the tube was flared by hold- 
ing it over a flame and an air-tight injectable fitting consisting 
of a 19 ga hypodermic needle and a rubber cap was attached 


to the other end. A portion of the needle shank was cut away 
so that a blunt, 1 cm length remained and the rubber cap was 
placed over the plastic lock of the needle. The 1 cm portion 
of the needle provided a friction fit when inserted into the 
end of the gastric tube. 

The materials for constructing the gastric cannula and a 
harness for securing the cannula are shown in Fig. 1. The 
harness was made from a piece of leather 14.5x3.5 cm. 
Holes, 1 cm in diameter and 2.5 cm on either side of center, 
were cut in the leather for the front limbs of the animal. A 
V-shape notch was cut between the holes so that the harness 
would not contact the operated area and the edges of the 
notch were rounded to prevent irritation. 


Surgery and Postoperate Maintenance 


The animals were anesthetized with Nembutal (50 mg/kg, 
IP) and given a standard injection of atropine (0.15 cc, IM) to 
prevent congestion during surgery. A midline incision ap- 
proximately 2.5 cm long was made in the throat. A scapel 
was used to loosed the skin from the underlying tissue for 
about 1 cm on each side of the incision. A midline incision 
was then made through the sternohyoid muscle to expose the 
underlying trachea and esophagus. A blunt probe was used 
to free the esophagus from the trachea and hold it away from 
other tissue while a guy suture was placed in the esophagus 
as Close to the sternum as possible. The esophagus was then 
severed at the level of the sternum just above the guy suture. 
A circular wound was made in the skin about 0.5 cm to the 
right side of the incision [6], and a suture (4-0, Ethicon silk) 
was threaded through the wound from the outside. The free 
upper end of the esophagus was held gently with forceps 
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FIG. 2. A rat with the gastric cannula and harness in place is shown. 


while the suture was taken through the lumen from the inside 
to the outside. The suture was then taken through the skin 
about 1 mm to the right side of the circular wound and a stitch 
was made to pull the esophagus and the outer skin together. 
This procedure was repeated on the left side, top, and bot- 
tom of the circular wound to create an esophageal fistula. 

The guy suture in the lower portion of the esophagus was 
used to retrieve the free end so that the gastric tube could be 
inserted. The flared end of the previously prepared gastric 
tube was pushed into the esophagus about 3 cm. Two liga- 
tures were then tied around the end of the esophagus and the 
tube tight enough to prevent leakage. The flared end of the 
tube prevented it from slipping past the ligatures and coming 
out of the esophagus. 

A small incision was then made at the back of the rat’s 
head just between the ears. A sharp probe was pushed un- 
derneath the skin through this incision on the right side of the 
neck. It was brought out through the incision in the neck on 
the side opposite the fistula. The probe was then pushed into 
the end of the gastric tube and provided a friction fit. It was 
then pulled out, bringing the tube underneath the skin to the 
side of the neck and emerging at the back of the head. The 
probe was removed and both incisions were closed. To 
complete the gastric cannula, an air-tight injectable fitting 
was attached to the end of the tube. The animal was then 
fitted with a harness to secure the cannula. When the harness 
was in place, the ends were sewn together above the 
animal’s back. The fitting at the end of the gastric tube was 
then sewn to the harness. A rat with this preparation is 
shown in Fig. 2. 

After surgery, the rats were given a 0.1 cc injection of 
combiotic and returned to individual cages. The injections 
were continued on the next two days and the animals were 
hydrated and nourished by intubations of 10 cc ‘‘Similac 
with Iron’’ twice a day. Kaopectate was added to the Similac 
to control diarrhea, 10 ml/384 ml. 

To assist in food administrations, an applicator was con- 
structed [7]. It consisted of a 100 cm section of tubing, 5 Fr. 
A 19 ga needle was inserted into one end of the tubing so that 
syringes containing the liquid diet could be attached to it and 
a 23 ga needle was attached to the other end. To administer 
food to the animal, a 10 cc syringe filled with Similac was 
fitted to the 19 ga needle and the 23 ga needle was inserted 
into the rubber cap on the cannula. The Similac was slowly 
injected through the tube into the rat’s stomach. An addi- 
tional 2 cc of water was injected to flush the tube and the 
cannula after this procedure. The intubated liquids were put 
in syringes in another room and placed in a basin of water. 
The injection tubes were then connected to the syringes be- 
neath the water surface to eliminate any olfactory cues [12]. 





FLAVOR TOXICOSIS 


TABLE 1 





Condition 


Mode of 


Entry M-E M-C S-E S-C- MS-E 





SW SW _-_ — SW SW 
SW SW SW SW 


Mouth 
Stomach — — 





There were 7 groups. Each group received sugar water (SW) via 
the mouth (M), stomach (S), or both (MS), except the pseudo- 
conditioning (P-C) control group. Where dash marks are shown, 
subjects did not receive SW by either mode of entry. The subscript 
E refers to animals injected with LiCL and the subscript C refers to 
animals injected with NaCl. 


Procedure 


The subjects were assigned to 7 groups with 6 subjects per 
group. The group assignments are shown in Table 1. Surgery 
accounted for day 1 of the experiment, and another 3 days 
were allowed for the animals to recover from surgery. Water 
bottles were removed from the cages after the evening feed- 
ing on day 4. On day 5, the treatment day, subjects assigned 
to the sugar-water, mouth-entry experimental (M-E) 
group, and sugar-water, mouth-entry control (M-C) group, 
were allowed to drink 3 cc of sugar-water (16% sucrose solu- 
tion) from a drinking spout. Those subjects in the sugar- 
water, stomach-entry experimental (S-E) group and sugar- 
water, stomach-entry control (S-C) group were allowed to 
drink water for 10 min and then given a 3 cc intubation of 
sugar-water. Groups sugar-water mouth and stomach-entry 
experimental (MS-E) and sugar-water mouth and stomach- 
entry control (MS-C) were allowed to drink 3 cc of sugar- 
water and also received a 3 cc intubation of sugar-water. All 
liquids drunk passed freely through the fistula. These fluids 
went through the floor of the suspended wire cage. The 
animals were then removed from the experimental cage to 
insure that the sugar-water had no lingering effects. All 
groups then drank water for 10 min. The pseudo- 
conditioning group P-C did not receive sugar-water by either 
mode of entry but were brought to the *‘drinking room’’ to 
drink water for a 10-min period. The 10 min period of drink- 
ing water served as a control across groups for drinking in 
the novel situation and also flushed the mouth and fistula of 
any remaining sugar-water. 

All subjects were returned to the animal facility after 
treatment. One hour later, the experimental groups and the 
pseudo-conditioning control group received an IP injection 
of 0.15 M LiCl, 2% of body weight. The control animals 
received an IP injection of 0.15 M NaCl, 2% of body weight. 

On day 6, the subjects were tested for their drinking of 
sugar-water before receiving the morning feeding. Each sub- 
ject was brought to the ‘drinking room,’ placed in a clean 
cage, and allowed access to sugar-water for 10 min. The 
amount drunk was measured and recorded. They were then 
allowed to drink tap water for 10 min. A record was kept of 
these amounts and the amounts of water drunk in the home 
cages by each animal on the test day. 


RESULTS 


Group means of sugar-water consumed on the test day are 
shown in Fig. 3. A one-way analysis of variance indicated 
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TREATMENT GROUPS 


FIG. 3. Mean amounts of sugar-water consumed by rats in condi- 
tions: mouth-experimental (M-E); mouth-control (M-C); stomach- 
experimental (S-E); stomach-control (S-C); mouth and stomach ex- 
perimental (MS-E); mouth and stomach control (MS-C); and 
pseudo-conditioning-control (P-C). A one by seven ANOVA found a 
significant treatment effect and a Newman-Keuls group comparison 
(p<0.05) showed that M-E differed from all other groups except 
MS-E, and MS-E differed from M-C, S-C, and P-C. 


that there were significant treatment effects, F(6,35)=6.80, 
p<0.01. A Newman-Keuls procedure was used to make post 
hoc comparisons. This analysis showed that M-E differed 
from all other groups, p<0.05, except MS-E. MS-E was sig- 
nificantly different from M-C, S-C, and P-C, p<0.05. No 
other group comparisons were significant. Thus, the groups 
which received the mouth taste cues developed aversions, 
while the groups which received only stomach cues did not. 
Furthermore, the stomach cues did not potentiate the effec- 
tiveness of the mouth taste cues. 

Analyses on the amount of tap water drunk during the 
10-min period after sugar-water consumption, the amount of 
water drunk in the home cage between the morning and 
evening feedings on the test day, and weight loss during the 
experiment revealed no significant differences. Therefore, 
the rats did not apparently differ in general drinking behavior 
and/or general health. 


DISCUSSION 


The results suggest that stomach factors alone are insuf- 
ficient for flavor toxicosis associations, since the group re- 
ceiving sugar-water only in the stomach (S-E) did not differ 
from any of the control groups, but did differ from those 
groups that received sugar-water in the mouth. Since the S-E 
manipulation tested for the effects of metabolic byproducts 
of absorbed sugar, it is clear that these byproducts could not 
have been effective stimuli for flavor-toxicosis associations. 
It should also be pointed out that the present results were not 
confounded by the masking of aftertastes [1]. In summary, it 
appears that theories of the flavor-toxicosis paradigm which 
stress stomach factors as bridging stimuli in long delay asso- 
ciations are inadequate. 
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According to the mediation theory [3], although gastric 
stimulation may not be a sufficient condition for this long 
delay learning, stomach factors may serve to potentiate the 
taste stimuli. If this hypothesis is correct, group MS-E 
should have shown a stronger aversion than group M-E. The 
results did not confirm this prediction, and Fig. 3 suggests 
that the trend is in the opposite direction. It could be argued 
that in line with current theories of conditioning, aversion 
in MS-E was attenuated by the positive nutritional effects of 
sugar. Thus, it may have been that for these subjects, 
sugar-water was associated with both positive and negative 
consequences, the negative consequences being stronger. 

In conclusion, the results of this experiment support the 
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memory theory [5,10]. It appears that taste and smell are the 
primary stimuli involved in flavor-toxicosis, and post- 
ingestional stimuli do not seem to add to the salience of taste 
and smell cues, nor do they operate as a mediational bridge 
between flavors and illnesses. This study has not, however, 
demonstrated why or how the flavor gets associated with 
malaise. It is hoped that the present study will provide the 
techniques to obtain insights into various aspects of ingestive 
behaviors following aversive or reinforcing consequences. 
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CONCANNON, J. T. AND M. CARR. Pre-test epinephrine injections reverse DDC-induced retrograde amnesia. 
PHYSIOL. BEHAV. 29(3) 443-448, 1982.—The effects of pre-test systemic administration of epinephrine on DDC-induced 
retrograde amnesia (RA) for discriminated Pavlovian fear-conditioning were examined in rats. Epinephrine reversed RA 
with the optimal dosage being 0.05 mg/kg. Apparently, the effect was specifically reversal of amnesia since (a) performance 
was restored to control levels, but no higher, and (b) sensitization and activity-related artifacts were minimized. These 
results are consistent with those showing reversal of RA by pre-test administration of hormones or catecholamine agonists. 
That is, they suggest that amnesia is due to a retrieval deficit rather than to failure of memory storage. Results are discussed 
in terms of epinephrine-induced modulation of storage and retrieval processes through central and peripheral mechanisms. 


Retrieval deficits Hormones and memory 
Discriminated fear-conditioning 
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DDC-induced amnesia Retrograde amnesia 





DIETHYLDITHIOCARBAMIC acid-induced retrograde 
amnesia (RA) is a very robust phenomenon seen in rats and 
mice using a variety of memory tasks [2, 9, 10, 12, 13, 15, 
19-22, 26, 29, 32]. This DDC-induced amnesia is time- 
dependent and can be reversed by immediate post-training 
injections of catecholamines including epinephrine [19, 21, 
22], and by pre-test administration of d-amphetamine [26] or 
lysine vasopressin [2]. Hence, it appears as though catechol- 
aminergic agents may reduce DDC-induced amnesia by af- 
fecting either consolidation [19] or retrieval processes [3,26]. 
However, only one study has shown that DDC-induced am- 
nesia is reversible by a pre-test hormonal treatment [2], 
thereby suggesting a paucity of data in this respect (cf. [5]). 

The goal of our study, then, was to examine the influence 
of pre-test administration of epinephrine on DDC-induced 
amnesia in rats. This attempt stems from the fact that post- 
training epinephrine alters memory processing [7,8] and that 
epinephrine plus cue exposure (but not epinephrine alone) 
can facilitate retrieval of infantile memories [11] and produce 
redintegration in adult rats given prior aversive experience 
[4]. We were concerned with whether the effects of epineph- 
rine on memory were dose-related and whether they could 
be explained by epinephrine’s effects on activity or sensiti- 
zation independent of associative processes. Lastly, we 
were concerned with the possibility that pre-test epinephrine 
might facilitate normal retention, rather than specifically re- 
verse RA [6, 23, 25]. All of these possibilities were tested in a 
paradigm utilizing a modified version of Pavlovian discrimi- 
nated conditioning ({17]; see also [2]). 





EXPERIMENT | 


The goal of the present experiment was to examine the 
possibility of attaining DDC-induced retrograde amnesia for 
Pavlovian fear-conditioning, and to examine RA reversibility 
by graded doses of epinephrine. As already stated in the 
introduction, no study has examined reversal of DDC- 
induced amnesia by pre-test doses of epinephrine. However, 
such an endeavor was successful using lysine vasopressin 
[2], a posterior pituitary peptide, using a similar memory 
paradigm. Furthermore, our study examined dose(s) of epi- 
nephrine found to be effective in altering post-training 
memorial processing [7], infantile amnesia [11], and in 
producing redintegration of memory in adult rats [4]. 


METHOD 
Subjects 


A total of 71 adult male Sprague-Dawley (CD) rats 
(Charles River) served as subjects. These animals weighed 
232-615 g at the start of the experiment. Subjects were 
housed in individual cages with food and water available ad 
lib. The colony in which the subjects lived was maintained 
on a 12-hr light/12-hr dark cycle, with room temperature at 
20-22°C. 


Apparatus 


The apparatus for conditioning and testing was a stainless 
steel shuttlebox divided into 2 equal-sized compartments. 
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Each of these compartments measured 31.2 20.5 19.5 cm 
and was lined with black or white cardboard. The com- 
partments were separated by 0.10 cm partition with 9.59.5 
cm opening which could be blocked by lowering the door. In 
addition, the black side had a black lid and the white side had 
a clear Plexiglas lid. The entire apparatus rested on stainless 
steel grids that were 0.45 cm in diameter and spaced 1.2 cm 
center-to-center in a room illuminated only by a 15-W light- 
bulb suspended 40 cm above the grid floor of the white side. 
The grids on the black side were connected to a constant- 
current shock source (Foringer, Model SG901) calibrated to 
deliver a 1.0 mA, 1.0 sec shock when triggered by a pushbut- 
ton. 

Observations of the subjects were made through a mirror 
resting on top of the apparatus. Time measurements were 
made utilizing a silent electronic clock with a 0.1 sec accu- 
racy. 


Drugs 


Diethyldithiocarbamic acid (DDC) was purchased from 
Sigma Chemical Co., St. Louis, MO. The drug was dissolved 
in distilled water and was injected in a dose of 680 mg/kg [9, 
12, 22] at a volume of 10 ml/kg. 

Epinephrine was purchased from Med-Tech, Inc., EI- 
wood, KS. The hormone was dissolved in distilled water 
prior to injections in doses of 0.01, 0.05, or 0.10 mg/kg at a 
constant volume of 1.0 ml/kg. 

All drug solutions were made fresh daily and were pre- 
pared immediately prior to use. Distilled water served as the 
control injection for all drugs, and all drugs were stored in 
vials protected from light. 


Procedure 


All animals were handled for 5 min per day for 2 days 
prior to the conditioning day. On conditioning day, the 
animals were randomly assigned to groups and were placed 
in the white chamber for 60 sec with no shock present. Dur- 
ing this time, the door was lowered to prevent entry into the 
black chamber. After 60 sec they were immediately placed 
into the black chamber for 60 sec. Thirty seconds into the 
interval, they received a single 1.0 mA, 1.0 sec inescapable 
shock. This procedure was utilized since it does not require 
an operant (cross-over) response in training [17]. Animals 
were removed from the black side 30 sec after shock and 
were given an intraperitoneal (IP) injection of either DDC or 
distilled water or were given no injection. They were then 
returned to their home cage for the 72-hr retention interval. 

The testing procedure consisted of injecting some animals 
with either distilled water or 0.01, 0.05, or 0.10 mg/kg epi- 
nephrine subcutaneously (SC) 20 min prior to testing. One 
group administered post-training DDC and another group re- 
ceiving post-training distilled water were not injected prior to 
testing. These groups were included to assess the possibility 
of vehicle injections themselves reversing DDC-induced am- 
nesia or affecting normal retention although these two 
groups included somewhat older animals than the other 
groups. Twenty minutes after injection, each animal was 
placed in the white side of the shuttlebox facing away from 
the door 10 sec prior to the opening of the door. The test was 
a simple spatial avoidance test in which the rat’s tendency to 
avoid the black side of the shuttlebox with all 4 paws was 
measured. Avoidance was measured in a single 30-min non- 
shock retention test. The main dependent variable was the 
total time spent avoiding the black side of the apparatus. 
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FIG. 1. Mean total time spent on the ‘‘safe’’ (white) side of the 
apparatus (+S.E.M.) for groups receiving various treatments after 
conditioning and prior to testing. (W=water, DDC= 
diethyldithiocarbamic acid). Doses of epinephrine are expressed in 
mg/kg. Numbers in parentheses denote sample sizes. 


Tests of significance were conducted using one-way 
analyses of variance (ANOVAs). When significant differ- 
ences were found by ANOVAs, subsequent 2-tailed Dun- 
can’s Multiple Range Tests were conducted to determine the 
loci of differences. Similar results were found using non- 
parametric analyses. Throughout the experiment an alpha 
level of 0.05 was considered to be statistically significant. 


RESULTS AND DISCUSSION 


Figure 1 shows the mean amount of time (+SEM) spent 
avoiding the black cues for the experimental groups. Scores 
for the groups receiving post-training DDC, but no injection 
prior to testing, were combined with those scores for animals 
receiving post-training DDC and pre-test distilled water, 
since these 2 groups did not differ (p >0.20). Similarly, the 
scores for the two post-trial distilled water groups were 
combined, since they were not different (p >0.20). As can be 
seen in this Figure, there is substantial amnesia in the post- 
trial DDC group, and this amnesia is reversed by pre-test 
injections of epinephrine. 

An ANOVA on these data generated an overall effect of 
Treatment, F(4,66)=2.79, p=0.03. The results of subsequent 
Duncan’s Multiple Range Test are summarized in Table 1, 
Panel A. These results show basically that (a) the post-trial 
DDC group performed worse than the vehicle-injected con- 
trols, and (b) the 0.05 mg/kg dose of epinephrine reversed 
amnesia, since this DDC-epinephrine group differed from the 
amnesia (i.e., DDC-W) group. There were no other statisti- 
cally significant between-group differences. 

Hence, post-trial DDC produced amnesia for Pavlovian 
fear-conditioning. Furthermore, pre-test epinephrine reverses 
amnesia at the 0.05 mg/kg dose, as is the case for reversal of 
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infantile amnesia using epinephrine plus cue exposure, or 
induction of redintegration using a highly similar paradigm. 
While it is tempting to speculate that these results are due to 
reversal of a retrieval deficit, other alternatives are possible. 
That is, the cumulative stress of footshock, DDC, and pre- 
test epinephrine may artifactually elevate avoidance scores 
in a non-associative fashion (e.g., by sensitization). Fur- 
thermore, pre-test epinephrine injections may facilitate 
avoidance scores in non-trained animals, perhaps by altering 
activity or light-sensitivity. Lastly, pre-test epinephrine in- 
jections may simply elevate retention scores in retention 
control animals not receiving an amnestic treatment [6]. In 
this case, epinephrine may be reversing simple normal re- 
tention loss rather than reversing amnesia. These potential 
confounding factors will be examined in Experiment 2, 
which is designed to replicate and extend the present find- 
ings. 


EXPERIMENT 2 


The goal of the present experiment was to examine (a) the 
reliability of reversal of DDC-induced amnesia by pre-test 
epinephrine, and (b) the possibility that the effect of epi- 
nephrine is indeed due to reversal of amnesia, and not to 
sensitization, altered activity, or facilitation of simple re- 
trieval processes. Hence, we utilized a retention control 
group, a basic amnestic group, and a basic “‘recovery’’ group 
in addition to several other comparison groups designed to 
address alternative explanations of reversal of amnesia. The 
dose of epinephrine found to be optimally effective (0.05 
mg/kg) in Experiment | was used. 


METHOD 
Subjects 


A total of 68 adult male naive Sprague-Dawley rats (196— 
334 g), described in Experiment 1, served as subjects. 


Apparatus 


The conditioning-test apparatus already described in Ex- 
periment 1 was used. In addition, a clear Plexiglas-topped 
pinewood box (18.5 15.5x20.2 cm) was used for adminis- 
tration of non-contingent footshock (NCFS). This pinewood 
box was inserted into the black chamber of the black-white 
shuttlebox leaving the grid floor exposed for shock delivery. 


Procedure 


The 68 animals were randomly assigned to one of 6 exper- 
imental groups (n=9-14/group). Four of these groups were 
administered single-trial fear-conditioning described in Ex- 
periment |. Immediately after conditioning, 2 of these groups 
were administered distilled water, while the other 2 groups 
received 680 mg/kg DDC IP. The first water-injected group 
received SC water 20 min prior to testing (W-W) while the 
other received 0.05 mg/kg epinephrine (W-0.05). This W-0.05 
group was included to see if pre-test epinephrine facilitated 
normal retention relative to the W-W retention control 
group. The first DDC-injected group received water prior to 
testing (D-W: Amnesia group) while the second received 
0.05 mg/kg epinephrine prior to testing (DDC-0.05: Recovery 
group). A fifth group received NCFS 30 min after non-shock 
exposure to both the black and white sides of the apparatus. 
For this group, the room lights were left on, the pinebox was 
inserted into the black side of the apparatus, and a single 
shock was administered 30 sec into the 60 sec detainment 
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period. Furthermore, this group received DDC after NCFS 
and 0.05 mg/kg epinephrine prior to testing (NCFS/DDC- 
0.05). This group was included to assess the possible effects 
of the combined influence of NCFS, DDC and 0.05 mg/kg 
epinephrine. Lastly, an additional group of animals was in- 
cluded that received black-white non-shock exposure, water 
after sham training, and 0.05 mg/kg epinephrine prior to test- 
ing (NT/W-0.05). This group was included to assess the 
possible influence of altered light-sensitivity or activity on 
retention in the recovery (DDC-0.05) group. A non-trained 
group receiving water prior to testing (NT/W-W) was not 
included for comparison to the NT/W-0.05 group since we 
were more interested in comparing the NT/W-0.05 group to 
the DDC-0.05 group. All groups of animals received the re- 
tention test described in Experiment | 72 hr after original 
conditioning. 


RESULTS AND DISCUSSION 


Figure 2 presents the mean total time (+SEM) spent 
avoiding the black cues for the 6 groups. As is readily seen in 
the Figure, the DDC-W groups showed amnesia relative to 
the Retention Control (i.e., W-W) group. As in Experiment 
1, amnesia was reversed by 0.05 mg/kg epinephrine, as seen 
in the DDC-0.05 group. Furthermore, reversal of amnesia 
seemed to be a specific, memorial process as neither the 
NCFS/DDC-0.05 group nor the NT/W-0.05 group performed 
as well as the DDC-0.05 group. Finally, the effect was indeed 
due to reversal of amnesia, as the DDC-0.05 and W-0.05 
groups performed no better than the W-W Retention Control 
Group. 

These results were verified with the aid of an ANOVA 
which generated a statistically significant overall Treatment 
effect, F(5,63)=25.49, p<0.001. The results of subsequent 
Duncan’s Multiple Range Test are summarized in Table 1, 
Panel B. The W-0.05, W-W, and DDC-0.05 groups were 
equivalent, and each of these groups excelled the DDC-W, 
NCFS/DDC-0.05, and NT/W-0.05 groups in their 72-hr re- 
tention. The DDC-W and NCFS/DDC-0.05 groups were 
equivalent, but showed less retention than the W-0.05, W-W, 
or DDC-0.05 groups. Furthermore, the DDC-W group, but 
not the NCFS/DDC-0.05 group, excelled the NT/W-0.05 
group. This latter finding may be indicative of incomplete 
amnesia in the DDC-W group. 

These results replicate and extend the results of Experi- 
ment 1. That is, both amnesia and virtually complete re- 
covery from amnesia were produced in both experiments. 
Furthermore, the recovery was seen to be unrelated to 
combined stress of NCFS, DDC and epinephrine, or effects 
of epinephrine in NT animals. Lastly, facilitated retention by 
epinephrine was restricted to the amnestic group, as the 
trained groups receiving epinephrine (W-0.05) or the DDC- 
0.05 group did not outperform the Retention Control (W-W) 
group. Whether the latter finding was related to ‘‘ceiling”’ 
effect in the Retention Control Group remains underter- 
mined. Resolution of this issue might involve redoing parts 
of the experiment with submaximal training conditions [6], 
e.g., using a lower intensity shock. Altering these conditions 
might, however, mitigate against detecting the basic amnesia 
effect, since the retention control scores would probably also 
be lowered by lowering the shock level. 


GENERAL DISCUSSION 


The results of our experiments clearly show that DDC- 
induced amnesia, a very robust phenomenon, can be re- 
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FIG. 2. Mean total time spent on the ‘‘safe’’ (white) side of the apparatus 
(+S.E.M.) for groups receiving various treatments after conditioning and 
prior to testing. (W=water, DDC=diethyldithiocarbamic acid; NCFS= 
noncontingent footshock, NT=non-trained). The dose of epinephrine is 


0.05 mg/kg. Numbers in parentheses denote sample sizes. 


versed by pre-test administration of epinephrine. Experi- 
ment | revealed that the reversal of amnesia was optimal at 
0.05 mg/kg epinephrine. The results of Experiment 2 rep- 


licated and extended these findings by showing that the re- 
versal of amnesia was not due to altered activity or to sen- 
sitization by the pre-test injection. Furthermore, epinephrine 
did not affect normal retention, although a measurement 
‘‘ceiling’’ may have obscured this possibility [16]. Hence, 
there was no indication that the dose of epinephrine provided 
enough information to equal an additional training trial [6]. 


These results are consistent with a host of studies show- 
ing DDC-induced amnesia in rats and mice [20,21], and re- 
versal of amnesia by systemic administration of catechola- 
mines [19, 24, 30]. The physiological mechanism of action of 
DDC in producing amnesia, however, is unclear [1]. While it 
is true that DDC impairs biosynthesis of the catecholamines 
norepinephrine and epinephrine, it does so in both the cen- 
tral and peripheral nervous system [12]. The RA liability 
(i.e., at least 72 hr), however, far outlasts DDC’s transient 
NE-depleting effects [12,13]. Furthermore, DDC’s chelating 


TABLE 1 


SUMMARY OF RESULTS OF DUNCAN'S MULTIPLE RANGE TEST FOR EXPERIMENT 1 
(PANEL A) AND EXPERIMENT 2 (PANEL B) 





Treatment 





Panel A 


WwW DDC-0.05 
1272.31 1144.98 


DDC-0.01 
1117.57 


DDC-0.10 
977.24 








DDC-0.05 
1337.87 





DDC-W 
560.46 


NT/W-0.05 
194.47 


NCFS/DDC-0.05 
464.46 











Means for total time on safe side are from Figs. 1 and 2. 
Underscored sets of treatment means do not differ significantly. For statistically significant 


differences, p<0.05. 
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effects interfere with energy metabolism of cells throughout 
the body besides inhibiting DBH, aldehyde dehydrogenase, 
and tyrosinase [14,31]. Lastly, DDC-induced electroen- 
cephalographic abnormalities are not restricted to a single 
brain locus [27], thereby defying neuroanatomical specific- 
ity. 

Whether DDC produces amnesia by altered memory stor- 
age or by altered memory retrieval is debatable. Evidence 
that DDC alters memory storage is (a) the time-dependent 
nature of DDC-induced amnesia [12], and (b) the reversal of 
amnesia by pre- and post-training epinephrine injections 
[21]. Evidence for the retrieval position is that DDC-induced 
amnesia can be reversed by pre-test administration of 
d-amphetamine and vasopressin [2,26] without affecting per- 
formance measures. In addition, some agents reverse DDC- 
induced amnesia when administered pre-testing, but not 
when administered post-training [2]. While we did not ad- 
minister epinephrine post-training in our studies, our finding 
that pre-test epinephrine was effective implicates that re- 
trieval mechanisms were altered in the present study. 

The mechanism of action of pre-test epinephrine injec- 
tions in reversing DDC-induced amnesia remains specula- 
tive. For example, since epinephrine does not readily cross 
the blood-brain barrier, its effects may be largely restricted 
to the periphery, although very small amounts may reach the 
brain [19]. Furthermore, epinephrine may be effective by 
reinstating stress-related retrieval cues at the time of testing 
[26,30], thereby eliciting quantitatively- or qualitatively- 
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sufficient memory attributes [30]. This interpretation re- 
mains to be substantiated, since (a) epinephrine injections, 
though elevating plasma epinephrine levels [18], may not 
necessarily induce ‘‘stress;’’ (b) DBH-inhibitor-induced am- 
nesia can be reversed by agents with minimal stress-inducing 
properties [3,26]; and (c) post-training epinephrine injections 
can reverse DDC-induced amnesia, although epinephrine- 
induced ‘‘stress’’ would not be expected to persist over a 
72-hr retention interval. 

An alternative interpretation is that DDC may produce 
amnesia by a peripheral state-dependent retention effect. 
That is, DDC (680 mg/kg) transiently elevates adrenal epi- 
nephrine levels, although these values return to control 
levels by 72 hr [12]. This could be a mechanism responsible 
for amnesia. Furthermore, plasma epinephrine levels are el- 
evated for at least 40 min after a SC injection of 0.10 mg/kg 
epinephrine [18], a set of parameters close to those used in 
the present investigation. Hence, pre-test administration of 
epinephrine in DDC-treated animals may produce peripheral 
epinephrine levels equivalent to those near training, thus re- 
creating the hormonal state near conditioning. This interpre- 
tation does not assume a direct effect of epinephrine on the 
brain, although indirect feedback mechanisms may be impli- 
cated, or that pre-test epinephrine injections are, in fact, 
stressful. At present, it appears worthwhile to attempt to 
further elucidate the central and peripheral factors associ- 
ated with epinephrine-induced retrieval of memories ren- 
dered temporally inaccessible by amnestic agents. 
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DURRANT, M. L., J. P.- ROYSTON AND R. T. WLOCH. Effect of exercise on energy intake and eating patterns in lean 
and obese humans. PHYSIOL. BEHAV. 29(3) 449-454, 1982.—Twelve obese and four lean subjects increased their energy 
expenditure by 100 kcal/day by cycling on a bicycle ergometer. The order of testing was alternated so that half of the 
subjects did exercise on the first three days and the remainder on the last three days. Ad lib energy intake was measured 
over six days using an automated food dispensing machine. The obese subjects ate 1196+517 kcal/day and the lean subjects 
ate 1162+301 kcal/day and showed no overall significant difference in energy intake or eating patterns. However, these 
obese subjects ate 18 kcal/day less and the lean subjects ate 155 kcal/day more during the exercise period. The difference in 
response confirms the hypothesis that lean subjects tend to regulate energy intake more accurately than obese subjects. 
Exercise increased the frequency of eating and drinking and decreased hunger and appetite for all subjects. There was a 
significantly greater decrease in hunger and appetite with exercise for the obese subjects. However, as there was no 
accompanying decrease in energy intake and some subjects had difficulty in completing the exercise, the value of small 
increases in voluntary exercise in the treatment of obesity is questioned. 


Energy intake Exercise Hunger Appetite 


SEVERAL recent reports have suggested that exercise is 
beneficial in the treatment of human obesity [2, 3, 13, 30]. 
The effect of exercise could be (1) to increase energy ex- 
penditure; (2) to decrease energy intake; (3) to decrease 
hunger and/or appetite; (4) to elevate mood. 

The hypothesis that exercise may decrease food intake 
and body weight arose from experiments on rodents. Seden- 
tary animals showed an immediate drop in food intake and 
body weight following access to a running wheel [5, 19, 25, 
31]. Although food intake recovered after the first few days, 
body weight remained lower as long as the animals continued 
to exercise. Obese mice made an incomplete adjustment in 
food intake which did not match the increase in energy ex- 
penditure and the animals lost weight [6, 19, 28}. 

It has been shown that caged laboratory animals given 
access to a running wheel will voluntarily do the amount of 
exercise that maintains their body weight at its lowest level 
[5]. This has led to the suggestion that some humans are 
analogous to the caged laboratory animal and eat too much 
when they live a sedentary existence. A small amount of 
exercise should cause a decrease in food intake and body 
weight. Exercise could thus not only prevent but also cure 
obesity [21]. 

Several studies have been performed to examine the ef- 
fect of exercise on food intake in human subjects. Some have 
reported findings similar to the animal work; i.e., food intake 
increased but not to the same extent as energy expenditure 
so the net effect was weight loss [16,32]. There have also 
been several outpatient studies which have used techniques 
for measuring input and output which are too insensitive to 
permit an assessment of their relative contributions to body 
weight changes [11, 14, 20, 29]. At the other end of the spec- 


Body weight regulation 


obesity 


trum exercise has been shown to increase food intake and/or 
weight gain [4, 23, 24]. 

Opinion on the effect of exercise on hunger, appetite and 
mood is similarly divided. The supporters contend that 
exercise reduces hunger [13,30] and appetite [2,3] and im- 
proves mood [13, 17, 30] wellbeing [7] and self esteem [12]. 
The non-supporters have failed to record such changes [15] 
or have experienced a large degree of non-compliance 
amongst volunteers [8,11]. 

The value of exercise in the treatment of obesity depends 
on whether the increase in energy expenditure is matched by 
commensurate increase in food intake. Owing to these dispa- 
rate reports the following study was designed to make de- 
tailed, accurate, short term measurements of food intake and 
eating patterns during exercise and non-exercise periods. 


METHOD 
Subjects 


Subject details are given in Table 1. The four lean subjects 
consisted of one male subject who was hospitalized for 
metabolic investigations unrelated to body weight and three 
female student volunteers. Lean subjects were selected with 
Quetelet index (W/H?) less than 25.0 kg/m? and obese sub- 
jects with Quetelet index greater than 25 kg/m’. 

Obese subjects were one male and eleven females and 
were recruited from an outpatient obesity clinic. Subjects 
were informed of the conditions and procedures beforehand 
and consent was obtained at the outset. Procedures were 
approved by the Northwick Park Hospital Ethical Commit- 
tee. 
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TABLE | 
SUBJECT DETAILS (MEANS + STANDARD DEVIATIONS) 





Variable Unit Obese Lean 





tr 


Number n 

Age years 27 

Initial body weight kg 98.8 

Obesity index kg/m? 37.6 

Total energy intake keal/day 1196 

Resting metabolic 
rate* 

Weight loss 


10 22 
21.8 59.0 
t B 21.8 
517 1162 


I+ I+ I+ It & 


I+ I+ I+ I+ 


kcal/day 1834 + 350 1281 
g/day 302 + 156 ie 





*Method: indirect calorimetry [10]. 
*+Data missing for male subject. 


Ward Facilities 

All subjects were admitted to Cavendish Nutrition Unit 
which consisted of a four roomed section at the end of a 
research paediatric ward. The ward was manned by staff 
trained in metabolic work [9]. Subjects were not allowed 
out unless under supervision. Visitors deposited luggage at 
the far end of the ward and were not allowed to take food 
into the unit. This system ensured that subjects had access to 
no food other than that provided. Subjects for this study 
were studied singly and occupied a single bedded room in 
which the food dispensing machine was housed. A table, 
cutlery and crockery were supplied so that subjects could eat 
in that room. A day room on the unit provided leisure 
facilities. 


Food Dispensing Machine 


In order to measure ad lib energy intake a Gloster 74 food 
dispensing machine was used. Silverstone, Fincham and 
Brydon have described the use of the machine for the meas- 
urement of food intake during single meals [27]. In order to 
measure food intake over three different daily meals over 
several consecutive days, further electronic modifications 
were made. 

A control box containing a motor and cam were con- 
nected to a programmable time drum. The control box 
produced regular 15 minute pulses which caused the drum to 
revolve once every 24 hours. Two channels on the drum 
were used to control each of the four food stacks in the 
machine. Meal start and meal stop signals were produced by 
placing a plastic peg in each channel on the drum. Thus the 
machine could count used buckets and wind on unused 
buckets at the end of a meal. Ten buckets per meal were 
allocated in each stack, i.e., 40 buckets per meal. The tenth 
bucket in each stack was labelled with a ‘‘meal end”’ sign and 
was not used for food. This permitted 9x4 pieces of food to 
be offered at each meal time. Meal times were set at: break- 
fast 0900-1130; lunch 1230-1630; dinner 1700-0300. The con- 
tents of the machine were checked and it was reloaded daily. 

A 30 second delay was inserted between button presses 
so that subjects would eat the first food portion before select- 
ing another. A key operated on/off switch was added so that 
the subject under study could be supplied with her own key 
and no-one else could obtain food from the machine. 

Subjects were required to press the button for the stack 
which displayed the food of their choice. This button press 
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FIG. 1. Effect of changes in energy expenditure on energy intake of 
12 obese and 4 lean subjects. 


was used to signal an eating event and was recorded using a 
Rustrak Model 292-8 event recorder. The chart speed was | 
in./hour and a resolution of eating events accurate to 0.1 
hours was obtained. From this recording meal duration 
(hours), eating frequency (intake > 30 kcal separated by > 
30 min) and rate of eating (kcal/hr) could be calculated. 

On admission each subject was shown how to use the 
machine. A written explanation was also given for the sub- 
ject so she could refer to it throughout the study. Day one 
was a run-in day when two meals were fed so that subjects 
could accustom themselves to the use of the machine. 


Food 


Prior to admission subjects completed an inventory show- 
ing their preference for foods suitable for use in a refriger- 
ated machine. From this it was possible to design a selection 
of twelve different types of foods (4 types of food in 3 meals 
per day). A specimen menu is given in Table 2. Variety from 
day to day was achieved by changing flavours (e.g., juice, 
sandwich filling, fruit) but maintaining the same type of food 
and energy content per portion. Energy content per portion 
averaged 25-30 kcal (range 5-62 kcal). The maximum intake 
of all food eaten was between 2700-3200 kcal/day depending 
on the type of items which subjects had preselected. Sub- 
jects were offered preloads of fixed energy content (e.g., 
soups) if they wanted hot food or if they felt that the food in 
the machine would be insufficient for their needs. Acaloric 
fluid was allowed ad lib. 

Food was bought in batches and representative triplicate 
samples of food were analysed by bomb calorimetry. Values 
were obtained with an accuracy of +5% and were in accord- 
ance with those quoted in food tables [18]. The food com- 





EXERCISE AND ENERGY INTAKE 


TABLE 2 
FOOD LAYOUT IN FOOD DISPENSING MACHINE 





Time 


Bucket available 


Stack Number 





1230 cheese 
to x9 
1630 LUN END 


1700 sandwich 
to x9 
0300 DIN END 


egg 
x9 
BR. END 


LUN END 


DIN END 


bread/butter 


BR. END 


cracker fruit milk 
x9 x9 x9 
LUN END LUN END 


salad yogurt juice 
x9 x9 x9 
DIN END DIN END 
jelly milk 
x9 x9 x9 
BR. END BR. END 





position data was filed on punch cards. A computer program 
was used to calculate food intake by listing the type and 
weight of each food eaten. The nature of the food served and 
the system of serving small portions ensured that plate waste 
was minimal. 


Exercise 

Subjects were required to do a minimum amount of exer- 
cise using a Monark bicycle ergometer. The flywheel could 
be adjusted to take a load from 0-3 kiloponds and a mechan- 
ical counter registered the number of revolutions. A mag- 
netic system for counting revolutions was also connected to 
a recorder so the time of the exercise was recorded. This 
allowed subjects to choose when they wanted to exercise; 
however they were encouraged to do so in several small 
sessions rather than all at once. 

The load was set at the highest amount that could be 
tolerated in a short trial session on the first morning of the 
start of the exercise study. Subjects were required to do at 
least 1000 revolutions per day. The load was adjusted if the 
subject felt unable to complete a further day’s exercise at 
that load. Subjects failing to complete 67% of the required 
amount of exercise were not included in the analysis of data. 
The work done was calculated by multiplying the load by the 
distance moved and assuming an efficiency of 22% for all 
subjects. Subjects exercised on days 2, 3, 4, or 5, 6, 7. The 
order was alternated for each patient in order to allow for 
any effect of time over the duration of the study. A mean 
increase in energy expenditure of 100+21. kcal/day for the 
obese and 118+32 kcal/day for the lean subjects was 
achieved. 


Hunger Rating Scales 


On the first day of admission all subjects were introduced 
to the linear analogue rating scale method for recording their 
feelings. This method has been used generally for recording 
mood [1] and more specifically to show the reduction of 
hunger after anorectic drugs [26]. A one-hundred millimeter 
line was used for all variables and patients were required to 
mark the degree of their feeling on the line with a cross. The 
low end of the scale was at the left extreme of the line and the 
high end of the scale was at the right extreme. 

The sensation of hunger was described as a physiological 


signal felt inside the body. The nature of each individual’s 
hunger sensations was discussed and working definitions 
were written on the day one recording sheet. Patients could 
refer back to these definitions at any time during the study. A 
minority of subjects found it useful to insert numbers over 
the 100 mm lines to help them with their scoring. Subjects 
were fasted from suppertime on day one to lunchtime on day 
two in order to give an opportunity to verify these rating 
definitions. From lunchtime on day two to the end of the 
study period they recorded these ratings before and after 
each meal and before bed at night (seven times daily). Sub- 
jects were not required to make ratings at fixed times but in 
relation to the times at which they chose to eat. Meal by meal 
scores were measured from the lines and summed to give a 
total daily score. Hunger differences were calculated by sub- 
tracting the post meal score from the premeal score. 


Appetite Rating Scales 


The sensation of appetite was described as mental signals 
arising from the desire to eat. As with hunger sensations, 
individual working definitions were discussed with each in- 
dividual and written down on the day one sheet. Subjects 
made ratings seven times daily and total daily appetite scores 
and appetite differences were calculated as for hunger. 


Mood Rating Scales 


At the end of the day when the last hunger and appetite 
scores were made the subjects were asked to turn to their 
second recording sheet and rate six moods on 100 mm linear 
analogue scales. Subjects were told to ask themselves how 
they had felt throughout the day (happy, well, tired, bored, 
anxious, depressed) and to mark the magnitude of the sensa- 
tion on a line with a cross. 


RESULTS 


All the variables measured during the study are listed in 
Table 3. The variables were totalled for the day and sub- 
jected to analysis of variance using the GLIM 3 computer 
program (Royal Statistical Society, 1978). The effects of in- 
terest were (1) main group; lean and obese (LO) over all 
tests; test (T) and sequence (S) for all subjects; (2) interac- 
tions. The most interesting interactions were test < main 
group (TxLO) and sequence X main group (Sx LO) which 





TABLE 3 


MEANS (+SD) OF FOOD INTAKE VARIABLES FOR 
OBESE AND LEAN SUBJECTS 





Obese Lean 





Energy intake (kcal) 
Ad lib intake, 3 meals 
Lunch 
Dinner 
Breakfast 


Eating frequency 
Lunch 
Dinner 
Breakfast 


Meal duration (hours) 
Lunch 
Dinner 
Breakfast 


Intermeal interval (hours) 
Lunch 
Dinner 
Breakfast 


Hunger score 
Lunch 
Dinner 
Breakfast 


Appetite score 
Lunch 
Dinner 
Breakfast 
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indicated whether the test or sequence effects differed signif- 
icantly between obese and lean subjects. Table 4 shows the 
significance levels of F values for each variable. 


Lean Versus Obese Differences over All Tests 

The means and standard deviations of all variables at each 
meal are given in Table 3 for both lean and obese groups of 
subjects. There were no significant differences in food in- 
take, eating patterns or ratings between obese and lean sub- 


jects. 


Test and Sequence Effects over All Subjects 


There were no significant differences in energy intake 
with exercise or sequence over all subjects. However the 
number of eating bouts per day was significantly higher, 
F(2,76)=8.1, p>0.01, on the exercise (5.3+1.3) than the non 
exercise days (4.8+1.3). Meal duration and rate of eating 
were not significantly different with exercise or sequence. 

Total daily hunger was slightly lower with exercise, 
F(1,76)=3.1, but this was not a significant difference. Total 
daily appetite was significantly lower, F(2,76)=4.1, p<0.05, 
on the exercise (209+106) than on the non exercise days 
(190+ 103). 

Mood scores were not significantly affected by the exer- 
cise but subjects did express greater feeling of happiness, 
F(1,76)=6.5, p<0.025, and greater feeling of well being, 
F(1,76)=4.4, p<0.05, as the experiment progressed. 


Differences Between Groups, Tests and Sequences 


The energy intake for each subject for each exercise and 
non-exercise period are given in Table 5. Obese subjects ate 
1187+506 kcal/day on exercise days and 1205+557 kcal/day 
on non-exercise days. The lean subjects ate 1239+381 
kcal/day on exercise days and 1084+228 kcal/day on non- 
exercise days. The differences in intake between groups with 
exercise approached the 5% significance level, F(1,76)= 3.5 
(see Fig. 1). 


TABLE 4 
ANALYSIS OF VARIANCE ON COMPUTED VARIABLES (F VALUES) 





Main Effects Interactions 
LO T S TxLO SxLO 
(1.12) (1.76) (1.76) (1.76) (1.76) 





Energy intake (ad lib) 
Eating frequency 
Meal duration 

Rate of eating 
Hunger score 
Hunger differences 
Appetite score 
Appetite differences 
Happy 

Well 

Bored 

Tired 

Anxious 

Depressed 





L—Lean; O—Obese; T—Test; S—Sequence. 
*p<0.05; *tp<0.025; tp<0.01. 





EXERCISE AND ENERGY INTAKE 


TABLE 5 


EFFECT OF CHANGES IN ENERGY EXPENDITURE ON 
AD LIB ENERGY INTAKE (kcal) 





Mean intake 
Days 5, 6, 7 


Mean intake 


Subject Days 2, 3, 4 





SB 768 844 
NF 2013 1599 
PO 1091 1128 
JM 124] 1352 
JW 1506 1189 
FP 1775 1517 
JC 726 927 
LR 627 732 
LP 506 452 
JT 712 713 
JN 2456 1863 
BC 1472 1481 
Mean (order) 1242 1150 
+S$D 619 426 
Mean (test) 1205 1187 
+SD 557 506 


JN 1425 1789 
EW 958 1003 
MT 959 1201 
CP 1009 950 
Mean (order) 1008 1236 
+SD 226 384 
Mean (test) 1084 1239 
+SD 228 38] 





Italics denotes exercise days. 


Energy intake from drinks behaved similarly, F(1,76)=3.6. 
There was a significant difference in energy intake between 
groups with time. The obese ate less (—92 kcal/day) and the 
lean ate more (+48 kcal/day), F(1,76)=6.8, p<0.025 as the 
experiment progressed. This was true also of energy intake 
from drinks, F(1,76)=6.8, p<0.025. There were no other 
significant test or sequence effects between groups on eating 
patterns. 

Analysis of variance revealed that there were significant 
differences in hunger score differences, F(1,76)=4.8, 
p<0.05, and appetite score differences, F(1,76)=7.2, 
p<0.01, with exercise. The obese subjects also gave lower 
hunger and appetite score differences with time compared 
with the lean subjects. There were no significant sequence 
effects on hunger and appetite data. 

There were no significant effects of exercise on the moods 
of the different obese and lean subjects. However, there was 
one significant sequence effect. The increase in well being 
over the course of the experiment was significantly greater 
for the lean than the obese subjects, F(1,76)=5.5, p<0.025. 


Other Interactions 


There were no significant test X sequence interactions. 
There was one significant test x sequence x group interaction 
for tiredness, F(1,12)=6.0, p<0.025, showing that each 
group of subjects behaved differently in each test and in each 
sequence. 


DISCUSSION 

The effect of exercise in this study was to cause an in- 
crease in energy intake for the lean subjects (+ 155 kcal/day) 
but not for the obese subjects (— 15 kcal/day). In fact in terms 
of energy balance the lean subjects overcompensated, as 
their increased intake (155 kcal/day exceeded their increased 
expenditure (118 kcal/day). In reviewing the literature a simi- 
lar pattern can be found across other studies. For lean sub- 


jects exercise has tended to increase food intake [24,32] 


and/or body weight [4, 23, 24]. For obese subjects exercise 
has tended to decrease body weight owing to an incomplete 
adjustment of energy intake to match increased energy ex- 
penditure [11,16]. 

The only difference in eating behaviour in this study was 
that subjects overall ate more frequently during the exercise 
period than the non-exercise period. As subjects were re- 
quested to do their exercise in short frequent bouts rather 
than all at once, this caused meals to be more fragmented. 
The other main effect of exercise was to increase the energy 
intake from fluids (and self-recorded fluid intake) which 
would be predicted owing to the greater sweat losses during 
that period. 

There were some interesting hunger and appetite rating 
scale differences in this study. Appetite scores were lower 
for all subjects with exercise but this difference was greater 
for the obese than the lean subjects. The obese gave signifi- 
cantly lower scores for hunger before minus hunger after 
meals. This demonstrates that exercise suppressed hunger 
and appetite to a greater extent for the obese than the lean 
subjects. It is possible that the decrease in hunger and appe- 
tite ratings to a small extent influenced food intake which 
remained constant for the obese subjects. 

The linear analogue rating scales have revealed little ef- 
fect of exercise on the six moods: happy, well, bored, tired, 
anxious, depressed. In view of the fact that several subiects 
complained of fatigue, aches and pains during the course of 
the exercise these findings are suprising. Either the rating 
scales were too insensitive to changes that occurred or sub- 


jects were reluctant to mark the moods which they felt. 


Before continuing to examine these findings in relation to 
the value of exercise in the treatment of obesity, some com- 
ments on the overall results are necessary. Although the lean 
and obese subjects ate similar amounts throughout the 
course of the study the mean energy intake was less than that 
needed to maintain body weight for both groups. There was 
thus a net loss of weight. Weight loss was higher for the 
obese than the lean subjects and their resting metabolic rates 
were considerably higher. However the weight loss was very 
low for the lean subjects (the mean data conceal the fact that 
one subject did not lose weight on her low intake). This can 
be explained on the basis of the very low metabolic rate 
values for the three lean female volunteers. It is tempting to 
speculate that these subjects may have volunteered for the 
experiment in order to ascertain whether their metabolic 
rates were low. The fact that subjects were undereating 
should have heightened their response to exercise if exercise 
is hunger/appetite inducing. This appears to have been the 
case for the lean subjects who increased intake to a degree 
greater than the energy cost of the exercise. Another 
possibility is that the lean subjects may have been exercising 
restraint at the outset of the study as they significantly in- 
creased their intake with time. As obese subjects had no 
significant change in energy intake and a parallel decrease in 
hunger and appetite differences this study has confirmed 
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some previous suggestions of the beneficial effects of exer- 
cise [2, 3, 13, 30]. 

However, a more quantitative approach is needed in the 
assessment of the value of these findings in the field of re- 
search on energy balance and obesity therapy. Firstly in 
terms of regulation of body weight the lean subjects have 
been shown to defend body weight more strongly by adjust- 
ing energy intake more precisely and in the right direction 
compared with the obese subjects. However, the conditions 
of the study by their very nature could not provide a similar 
environmental situation to ‘‘real’’ life. Obese subjects may 
adjust intake more precisely in an environment where food 
cues are more prominent. 

Secondly in terms of therapy, the hypothesis that a small 
amount of exercise decreases energy intake was not sub- 
stantiated for either obese or lean subjects. Thus humans 
cannot be compared with Mayer’s enforced sedentary rats 
who decreased food intake and body weight when given the 
opportunity to exercise [19]. Miller and Mumford have pre- 
viously commented on the fallacy of extrapolating findings 
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across species that vary greatly in body weight owing to the 
relative differences in the contribution of exercise to energy 
expenditure and energy balance [22]. In terms of energy bal- 
ance the amount of exercise which these subjects were set to 
do, represents a very small increase in net energy expendi- 
ture. This amount was deliberately chosen as it was an 
amount that subjects might reasonably accomplish during a 
normal day (approximately 30 minutes) without making large 
changes in lifestyle or mode of work. However the subjects 
said that they were fatigued by the amount of exercise and 
only one out of sixteen subjects voluntarily did more than the 
minimum set. It is doubtful whether subjects could have 
achieved this amount of exercise without supervision. 

In conclusion this study provides more support for the 
sceptics than the protagonists of exercise in therapy for obe- 
sity. The degree to which the energy expenditure of obese 
people could be raised by voluntary exercise was small and 
although there were small decreases in hunger and appetite 
they were not accompanied by significant decreases in en- 
ergy intake. 
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ETTINGER, R. H. AND J. E. R. STADDON. Decreased feeding associated with acute hypoxia in rats. PHYSIOL. 
BEHAV. 29(3) 455-458, 1982.—Rats obtained less food than normal on a cyclic-ratio schedule during brief, 1-hr exposure 
to either moderate hypobaric hypoxia (BP=435 Torr, PO,~91 Torr) or to hypoxic hypoxia (BP=750 Torr, PO, ~90 Torr), 


but not during hypobaric exposure with 36.5% oxygen (BP=435 Torr, PO, 


159 Torr). The depressed rate of feeding 


associated with hypoxia was nevertheless well regulated. Interpreted in terms of a regulatory model, these results suggest 
that hypoxia suppresses eating because it degrades the taste of food, not because it impairs feeding regulation or general 


activity. 


Feeding Regulation Altitude Hypoxia 


Cyclic-ratio Rats 





ASCENT to high altitudes or exposure to hypoxic hypoxia is 
often associated with decreases in food intake and a sus- 
tained loss of body weight in both man and animals [2, 10, 11, 
14]. Rats translocated from Denver (1609 m) to Pikes Peak 
(4300 m), for example, reduced daily food intake by an aver- 
age of 23% over a two-week period [14]. Similar decreases in 
food intake have been observed during exposure to hypoxic 
hypoxia and appear to be inversely related to oxygen con- 
centration [9]. 

Although the anorectic effects of hypoxia have long been 
known, the mechanisms by which this effect is mediated 
remain unclear. Three explanations have been offered. First, 
depressed food intake at high altitude has been attributed to 
acute mountain sickness: At high altitude, symptoms includ- 
ing headache, lassitude, nausea, and vomiting are often as- 
sociated with loss of appetite and weight loss [2,17]. These 
symptoms have recently been ruled out as inducing factors, 
but they may act to enhance anorectic effects [6,7]. Second, 
it has been suggested that hypoxia acts on the hypothalamic 
system in a manner similar to amphetamines, causing release 
of endogenous catecholamines [8]. Severe hypoxia (9000 m) 
has been shown to be related to decreases in norepinephrine 
in the hypothalamus [4], however, the temporal relation be- 
tween these catecholamine changes and decreased food in- 
take do not match up: For example, depressed levels of both 
brain dopamine and norepinephrine appear to return .to 
near-normal levels within 32 hr of moderate hypobaric expo- 
sure [3], but decreased feeding may persist much longer 
(e.g., [14]). Finally, it has been argued that the decrease in 
food intake at high altitude is secondary to a hypodipsic 
response induced by hypoxia (cf. [6,13]). Depressed food 
and water intake have been reported in rats [10,13], but a 
causal connection has not been demonstrated. Further, the 
decrease in food consumption in humans is not associated 
with reduced water intake [6,7]. 

The purpose of the present experiment was to define 
more precisely the effects of acute hypobaric and hypoxic 
hypoxia on feeding behavior. Our experiments are 


derived from a static feedback analysis of the operant regu- 
lation of feeding using cyclic-ratio reinforcement schedules 
[5,15]. The analysis provides a simple, quantitative 
framework within which to investigate variables that affect 
feeding. For example, it permits regulatory effects to be 
readily distinguished from incentive (taste) effects, and may 
be used to distinguish both of these effects from the debilitat- 
ing influence of other variables. 

We proposed to describe performance on cyclic-ratio 
schedules in terms of a static regulatory model of the follow- 
ing form: 


x=G(R,—R,) + K, 
which can be rewritten as 
x = GR, + K — GR,, (1) 


the equation of a straight line relating x and R, where x is 
overall response rate, R, is reward (food) rate, both com- 
puted over the time taken to complete a single ratio. Ry is a 
constant representing regulatory “‘gain’’, and K is a constant 
[5]. 

In words, Equation | states that response rate on ratio 
schedules is determined in additive fashion by the difference 
between obtained (R,) and preferred (Ry) food rate plus a 
constant. The line representing the average relation between 
food and response rates over a range of schedule values is 
called a ‘‘response function.’’ The slope (G) of the response 
function is a measure of regulation: the steeper the slope, the 
greater the degree of regulation, i.e., the degree to which 
food rate is defended against increasing work requirements. 

This model suggests several ways that hypoxia could af- 
fect the operant regulation of eating. For example, hypoxia 
may impair eating by reducing G, the regulatory ‘‘gain’’ pa- 
rameter in Equation 1. In this case, its effects will be more 
severe at high ratio values, where greater regulation is 
needed. We have shown in a previous experiment that 
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changes in body weight act in this way [5]. A second, simple 
possibility is that hypoxia affects just parameter K, affecting 
eating in the same way as changes in diet palatibility [5]. 
Other results—effects on more than one parameter or on the 
linear form of the response function—are also possible. The 
following experiment tests these possibilities. 


METHOD 
Animals 


Four female albino rats approximately one-year old at the 
beginning of the experiment were used. The animals, (Cl, 
C2, C3, and C4), were maintained at 80% of their pre- 
experimental free-feeding weights throughout all phases of 
the experiment by restricting food intake. Tap water was 
continuously available. Body weights were maintained by 
supplemental feedings of Purina Rat Chow following each 
daily experimental session. Throughout the experiment all 
animals were individually.housed under constant illumina- 
tion with the temperature controlled at 23°C. In a previous 
experiment [5] these four animals were trained on the same 
reinforcement schedules as used in the present study. 


A pparatus 


Experimental sessions were conducted in a Plexiglas 
Skinner box measuring 30.5x23x15H cm enclosed in a 
sound-attenuating box. The response lever and the food cup 
were located on the front panel centered 5 cm above the floor 
and separated by 6 cm. A Gerbrands (model D-1) pellet dis- 
penser delivered 45-mg food pellets into the cup. A white 
lamp provided chamber illumination during the session only. 
White noise masked extraneous sounds. 

The sound attenuating box was sealed so that gas mix- 
tures inside the apparatus could be regulated. Gas flow into 
the apparatus was regulated at 2.5 kg/cm during flushing to 
achieve the desired mixture. Once stabilized, the mixture 
was circulated and filtered through a closed recirculator at a 
rate of 47 l/min. Gas samples were continuously monitored 
by a Beckman Oxygen Analyzer (model E2). 

During the experiment the entire apparatus was located 
within a hypobaric chamber at the Hall Laboratory for En- 
vironmental Research at Duke University Medical Center. 
The temperature inside the chamber was maintained be- 
tween 20 and 24°C during altitude simulations and at 22°C at 
all other times. 

All the experimental events were programmed and re- 
corded at 1/30 sec resolution by a KIM microprocessor and 
stored on disk for later analysis by a PDP11 minicomputer. 


Procedure 


The experiment was conducted in four phases: (1) a 
baseline at 122 m with normal air (barometric pressure 
(BP)=750 Torr, PO.~158 Torr, (2) at a simulated altitude of 
4572 m with normal air (BP=435 Torr, PO,~91 Torr, (3) at 
122 m with 12% oxygen (BP=750 Torr, PO, ~90 Torr, and (4) 
at a simulated altitude of 4572 m with 36.5% oxygen (BP=435 
Torr, PO,~159 Torr). 

During Phase 1, which served as a baseline for subse- 
quent phases, the animals were individually placed in the 
apparatus and, after a 15 min delay, exposed to a cyclic-ratio 
reinforcement schedule that consisted of the following ratio 
values: 2, 4, 8, 16, 32, 64. These ratio values were presented 
in an ascending followed by a descending sequence, making 
up a complete cycle of 12 ratios. The cyclic-ratio schedule 
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was used because we have found it useful in obtaining reli- 
able response functions from a range of schedule values dur- 
ing single experimental sessions as compared to more time 
consuming parametric methods [5]. Sessions were con- 
ducted daily for five consecutive days and terminated after 
72 pellet deliveries. Thus, each experimental session con- 
sisted of six complete cycles of ratio values. The reinforcers 
delivered at the completion of each ratio were Noyes (For- 
mula A) 45 mg pellets. 

During Phase 2, the animals were individually exposed to 
a simulated altitude of 4572 m (BP=435) Torr, PO,~91 Torr) at 
an evacuation rate of 305 m/min. Once at the simulated alti- 
tude, the experimental sessions began and were identical to 
those of Phase 1. Sessions were conducted daily for five 
consecutive days and terminated after 72 pellet deliveries. 

During Phase 3, the animals were exposed to 12% oxygen 
at surface (BP=750 Torr, PO,~90 torr) as a control for the 
effects of pressure changes at altitude. A 12% oxygen mix- 
ture was obtained by flushing the apparatus with nitrogen 
prior to the beginning of each experimental session. Once the 
mixture stabilized at 12% oxygen, the experimental sessions 
began. Gas samples were continuously monitored through- 
out each session. Sessions were conducted daily for five 
consecutive days and were identical to those of Phase 1. 

During Phase 4, the animals were exposed to a simulated 
altitude of 4572 m with 36.5% oxygen (BP=435 Torr, 
PO.~159 Torr). This was accomplished by flushing the appa- 
ratus with 36.5% oxygen before, and throughout, each ses- 
sion. Once the apparatus reached 36.5% oxygen it was 
evacuated to a simulated altitude of 4572 m at the rate of 305 
m/min. After reaching altitude the experimental sessions be- 
gan. Again sessions were conducted daily for five consecu- 
tive days and were identical to those of Phase 1. 


RESULTS 


The results of all four phases of the experiment are pre- 
sented in Fig. 1. Each point represents the average relation 
between food and response rates for a given ratio value (av- 
eraged across ascending and descending parts of the cycle) 
for the last three sessions of each phase (a total of 
36=3 6x2 ratios per plotted point). The sets of points for 
each condition (response functions) are well described by 
straight lines. Best fit linear regressions (not shown) aver- 
aged across subjects accounted for 94% of the variance in 
Phase |, 95% in Phase 2, 86% in Phase 3, and 90% in Phase 4. 
The slope of the response function is a measure of regula- 
tion: the steeper the slope, the greater the degree of regula- 
tion, that is, the smaller the deviation of the actual from the 
preferred feeding rate across the range of schedule values. 
The lines with open symbols are the two conditions with 
approximately sea-level oxygen partial pressure; the two 
lines with closed symbols are the two conditions with re- 
duced oxygen partial pressure. 

The performance of all animals was very similar. As 
shown in Fig. | there was a shift in the food-rate (R,) inter- 
cept from the Phase | baseline during both Phase 2 and Phase 
3. Further, this shift was very similar in magnitude for both 
conditions, and was not accompanied by any change in the 
slopes of the response functions. During Phase 4, a 
reduced-pressure condition that prevented hypoxia, the 
slopes and the intercepts of the response functions were very 
similar to those of the Phase | baseline. 

The slopes and intercepts of the response functions are 
further compared for each phase in Table 1. The mean slopes 
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TABLE | 
COMPARISON OF THE SLOPES (G) AND THE FOOD-RATE INTERCEPTS FOR EACH PHASE 





Phase | Phase 


Rx-inter 


Condition: 


Rat Slope Slope 


5 


Rx-inter 


Phase 3 Phase 4 


Slope Rx-inter Slope Rx-inter 





—6.0 
-72 
-20.8 
~12.0 


—11.5 


—10.5 
—10.7 
—16.4 
—14.4 


—13.0 


9.3 
10.7 
7.9 
11.8 


9.9 


Cl 
C2 
C3 
C4 


Mean 


7.8 
7.0 
5.9 
8.9 


7.4* 


7.6 
8.4 
18.6 
16.4 


9.0 
12.1 
7.9 
11.0 


8.1 
5.9 
6.3 
8.3 


fw 12.8 10.0 





The mean food-rate intercept for each phase was compared to Phase I by a Scheffé post-hoc test. 


*p<0.085. 
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FIG. 1. Comparison of the response functions obtained during each 
phase for animals C2-C4. 0=surface with normal air (BP=750 Torr, 
PO, ~158 Torr), =a simulated altitude of 4572 m (BP=435 Torr, 
PO, ~91 Torr), @=surface with 12% oxygen (BP=750 Torr, PO,~90 
Torr), O=a simulated altitude of 4572 m with 36.5% oxygen 
(BP=435 Torr, PO,~159 Torr). The abscissa is scaled in responses 
min and the ordinate in 45 mg pellets/min. 


TABLE 2 


REGRESSION ESTIMATES OF THE PREFERRED FEEDING RATE, Ro, 
IN PELLETS/MIN AND K, IN RESPONSES/MIN 





Condition: 





Phase | 
Phase 2 
Phase 3 
Phase 4 





of the response functions did not vary significantly across 
phases of the experiment, F(3,9)=0.48, p>0.10. They ranged 
from —11.5 in Phase 2 to —13.0 in Phase 1. However, the 
mean food-rate intercepts decreased from 9.9 in Phase | to 
7.4 and 7.1 for Phases 2 and 3, respectively. The food rate 
intercept returned to 10.0 during Phase 4, a value approx- 
imately equal to that of Phase |. A repeated measures 
analysis of variance indicated that the food-rate intercepts 
varied across phases of the experiment, F(3,9)=8.48, 
p<0.01. A Scheffé post-hoc test indicated that the critical 
difference between the mean intercepts obtained during 
Phases 2 and 3 were both significantly different (9<0.05) 
from the Phase | baseline. There was no difference between 
the mean intercepts of Phase | and Phase 4, however. 

Table 2 presents the regression estimates of the preferred 
feeding rate, Ry, in pellets/min and K, in responses/min for 
each phase. These estimates were obtained from the re- 
sponse functions of each phase and are just what would be 
expected if the effects of hypoxia are primarily on K. The 
decrease in K during Phases 2 and 3 represents a constant 
decrease in the feeding rate at each schedule value. Only a 
small decrease in Ry, the preferred feeding rate, was ob- 
served during these phases. 


DISCUSSION 


The cyclic-ratio procedure appears to be an extremely 
sensitive and rapid method for investigating the effects of 
acute hypoxia on the regulation of feeding. Both hypobaric 
hypoxia and hypoxic hypoxia produced similar immediate 
decrements in defended feeding rates. These feeding rates 
were well regulated, however, as the cost of obtaining food 
was progressively increased: the regulatory “‘gain’’ (G), the 
slope of Equation 1, was not affected by acute hypoxia. 
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In a previous experiment using the cyclic-ratio method 
[5], we showed that feeding regulation is affected both by 
degree of food deprivation and by the anorectic, 
d-amphetamine. In this experiment we showed that anoxia 
does not affect feeding regulation, but does have a subtrac- 
tive effect on eating rate. It is not certain that d-amphetamine 
anorexia is mediated solely by the drug’s effect on brain 
catecholamine levels. Nevertheless, this behavioral differ- 
ence between the anorectic effects of anoxia and 
d-amphetamine obviously provides no support for the sug- 
gestion that hypoxic anorexia is caused by alteration of brain 
catecholamines. This negative conclusion is further sup- 
ported by our demonstration of an anorectic effect of mod- 
erate hypoxia well within one hour, a time too short for a 
significant reduction in catecholamine levels [3]. However, 
we cannot rule out possible short-term effects of hypoxia on 
receptor binding mechanisms or on catecholamine uptake 
systems. 

The anorectic effects in the present study appear to result 
from a decrease in ‘“‘incentive,’’ rather than a change in 
‘*hunger’’ or “‘appetite’’—an effect similar to a decrease in 
food palatability. We have previously shown that altering 
diet palatability does not affect the degree to which feeding 
rate is regulated, but that it does affect the amount eaten at 
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each given schedule value [5]. A similar effect of hypoxia is 
shown in Table 2 by a large decrease in K during Phases 2 
and 3. This interpretation is consistent with the observation 
that hypoxia decreases food consumption by reducing meal 
size, not meal frequency [13]. 

Several previous reports confirm the interpretation that 
hypoxia affects the taste of food. For example, humans at 
high altitude often report a decrease in taste sensitivity; tea 
and coffee must be laced with greater-than-normal amounts 
of sugar if they are to remain palatable (cf. [12,16]). It ap- 
pears that hypoxia acts to either reduce taste sensitivity or to 
shift the taste spectrum towards the unpalatable, thus reducing 
the “‘incentive’’ for a given diet. Future experiments will 
examine these possibilities. 
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HEYM, J. AND W. E. GLADFELTER. Locomotor activity and ingestive behavior after damage to ascending serotoner- 
gic systems. PHYSIOL. BEHAV. 293) 459-467, 1982.—The effects of electrolytic midbrain raphe lesions on ingestive 
behavior and locomotor activity of rats were compared to those produced by intracerebral injections of 5,7 dihy- 
droxytryptamine (5,7 DHT) at various points along the ascending serotonergic pathways. Only electrolytic lesions of the 
median and/or dorsal raphe nuclei produced significant changes in food intake, water intake, body weight gain, and wheel 
running activity. Intracerebral injections of 5,7 DHT, a selective serotonergic neurotoxin, had no effect on any of these 
variables. However, 5,7 DHT induced lesions produced decreases in forebrain synaptosomal uptake of serotonin which 
were equivalent to, or greater than, those resulting from electrolytic lesions of the midbrain raphe nuclei. Failure of 5,7 
DHT injections to replicate the behavioral changes resulting from electrolytic lesions of the midbrain raphe nuclei suggests 
that loss of ascending serotonergic projections was not responsible for the behavioral effects that followed the electrolytic 


lesions. 
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IN the mammalian brain, neurons which contain serotonin 
(S5-hydroxytryptamine or 5HT) are, for the most part, lo- 
calized along the midline of the brainstem [20, 32, 52, 56]. 
The dorsal and median raphe nuclei of the midbrain (DR and 
MR, respectively) contain serotonergic neurons which pro- 
vide the majority of the SHT innervation to various forebrain 
structures [2, 14, 50, 65]. The diffuse pattern of this innerva- 
tion is paralleled by the wide variety of physiological and 
behavioral functions in which brain SHT has been implicated 
[5, 12, 17]. 

Behavioral evidence suggests that SHT is involved in the 
regulation of food and water intakes [3]. However, the role 
that SHT plays in these processes is not clear. For example, 
hyperphagia has been reported to occur after intraventricular 
injections of parachlorophenylalanine (PCPA) [11], an in- 
hibitor of serotonin synthesis, or 5,7 dihydroxytryptamine 
(5, 7 DHT) [57], a serotonin analogue which is toxic to SHT 
neurons. Yet destruction of the midbrain raphe nuclei with 
electrolytic lesions often results in no elevation of food in- 
take [16, 34, 40, 61], and localized intracerebral injections of 
5,7 DHT into ascending SHT pathways has failed to produce 
hyperphagia [30]. Results concerning the role of SHT in the 
regulation of water intake also are equivocal. Hyperdipsia 
has been reported following electrolytic midbrain raphe le- 





sions [15,46] and after systemic administration of PCPA [66], 
while others have not observed alterations in water intake 
when forebrain SHT was decreased by various methods, in- 
cluding electrolytic raphe lesions [61] and PCPA [10]. 
Motor activity also has been linked to brain serotonin, but 
again the connection is unclear. Electrical stimulation of the 
midbrain raphe produces an apparent behavioral inhibition 
[41] and electrolytic destruction of the MR results in 
hyperactivity when measured by a variety of methods, in- 
cluding the open field [40,61], running wheels [61] and 
stabilimeter cages [26,34]. In support of these findings, sys- 
temic administration of PCPA has been reported to augment 
locomotor activity [22,59], while decreased locomotion fol- 
lowed systemic administration of the SHT precursors tryp- 
tophan [63] and 5-hydroxytryptophan [49]. Additionally, in- 
traventricular injection of SHT has been shown to decrease 
motor activity [28]. These findings, however, must be 
reconciled with other conflicting data. For example, 
hyperactivity after the administration of SHT precursors has 
been reported, although drug treatments which increase the 
synaptic availability of SHT are usually prerequisite [33,49]. 
Brain 5HT depletion by PCPA has not reproduced the open 
field hyperactivity observed after electrolytic midbrain raphe 
lesions [38], and intracerebral injections of 5,7 DHT failed to 
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produce an increase in activity, but instead decreased open 
field behavior [30]. Finally, changes in forebrain SHT levels 
do not appear to be correlated with activity levels [23,67]. 

The present study attempts to clarify the role of SHT in 
the control of locomotor activity and ingestive behavior. It 
seems reasonable that much of the conflicting literature re- 
sults from the use of different methods for manipulating 
brain SHT, and the discrepancies may reflect differences in 
the specificity of the techniques.employed. Therefore, the 
experiments reported here compare the effects of electroly- 
tic lesions of the midbrain raphe nuclei, a non-specific meth- 
odology, with those resulting from bilateral, intracerebral 
injections of 5,7 DHT, a selective technique for the disrup- 
tion of ascending SHT projections [9, 21, 44]. In addition, 
since both ingestion and locomotion are behaviors classically 
associated with the lateral hypothalamus [1, 4, 27, 64, 68], 
the importance of this level of the neuraxis for SHT involve- 
ment with these behaviors was examined by comparing the 
effects of disruption of ascending SHT pathways within the 
lateral hypothalamus with those resulting from lesions 
produced caudal or rostral to this level. 


EXPERIMENT | 


In this experiment, the effects of either electrolytic or 5,7 
DHT induced lesions on food and water intakes were 
studied. 


METHOD 


Female Sprague-Dawley rats which weighed between 150 
and 200 grams at the start of the experiment were used. Rats 
were housed individually in hanging wire mesh cages and 
kept in a quiet room where the ambient temperature was 
maintained at 21+1°C. A 12 hour on and 12 hour off light 
cycle was provided by an automatic timer. The animals were 
undisturbed except for two care periods per week (from 0900 
to 1200 hours on Tuesday and Friday mornings) when cages 
were cleaned and the rats were fed, watered, and weighed. 
Food (ground Wayne Lab-Blox), in spillproof feeding cups, 
and water were provided ad lib. 

Following a control period of 6 weeks, during which time 
weekly food consumption, water intake, and body weight 
were measured, animals were anesthetized with sodium pen- 
tobarbital (50 mg/kg IP) and fixed in a Kopf stereotaxic in- 
strument for the placement of either electrolytic lesions or 
intracerebral injections. Electrolytic lesions were made in 
either the dorsal raphe nucleus (DR), median raphe nucleus 
(MR), or combined median and dorsal raphe nuclei (MR + 
DR) by passing a 2 mA anodal direct current through a ni- 
chrome electrode (0.6 mm diameter, insulated except for 0.5 
mm at the tip) for 15 seconds. Stereotaxic coordinates for the 
DR were A=0.0, L=0.0, V=6.3, and for the MR were 
P=0.2, L=0.0, V=8.3 (all V readings are from the surface of 
the cortex) [54]. 

Selective chemical lesions of ascending 5HT pathways 
were produced by bilateral, intracerebral injections of 5,7 
DHT (5,7 dihydroxytryptamine creatinine sulfate, Regis 
Chemical Co.). Forty minutes prior to infusion of 5,7 DHT, 
animals were pretreated with desipramine (25 mg/kg IP), 
which enhances the selectivity of the neurotoxic action of 5,7 
DHT by preventing its uptake into catecholaminergic 
neurons [8,25]. At each infusion site, 4 wg of 5,7 DHT (free 
base), dissolved in 4 ul of sterile physiological saline, were 
delivered intracerebrally through a 27 gauge cannula at a rate 
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of 1 ul minute by an infusion pump. After infusion, the can- 
nula was left in place for an additional minute before with- 
drawal to permit diffusion away from the cannula tip. The 5,7 
DHT solution was prepared fresh before each surgical ses- 
sion and contained 0.2 mg/ml ascorbate. Bilateral 5,7 DHT 
injections were made into the ascending SHT fibers at the 
following sites: Midbrain (MBRN), A=0.2, L=0.6, V=7.2; 
caudal medial forebrain bundle (CMFB) at the posterior as- 
pect of the mammillary bodies, A=3.6, L=1.6, V=8.8; lat- 
eral hypothalamus (LH) at the level of the ventromedial nu- 
cleus, A=5.8, L=1.8, V=8.7; and rostral medial forebrain 
bundle (RMFB) at the level of the anterior hypothalamic 
area, A=7.4, L=2.5, V=8.5 [54]. 

Animals which underwent sham surgery as well as un- 
operated controls, were included in the experiment. The 
surgery for sham electrolytic lesions was identical to that for 
electrolytic coagulations except that no current was passed 
through the electrode. Similarly, the operation for sham 
chemical lesions was the same as that for 5,7 DHT infusions 
except that only the vehicle was injected through the can- 
nula. 

After recovering from anesthesia, the rats were returned 
to their cages. Weekly food consumption, water intake, and 
body weight were measured for 5 postoperative weeks for 
animals that had received electrolytic lesions, and for 8 post- 
operative weeks for animals that had received intracerebral 
5,7 DHT injections. At the end of the postoperative period, 
animals were decapitated and their brains were removed and 
placed in a 10% neutral Formalin solution for fixation. Tissue 
blocks containing the lesion sites were embedded in paraffin, 
serially sectioned at 30 microns, and stained by the method 
of Kliiver and Barrera [37]. Histological examination was 
performed on all brains except for those from half the 
animals with chemical lesions in the CMFB, LH, or RMFB, 
which were used for uptake experiments as described in ex- 
periment 2. 

Since animals require time to acclimate to new environ- 
ments, data gathered during the initial two preoperative 
weeks were excluded from statistical analysis. Mean values 
of food and water intakes were calculated for each animal 
from the final four preoperative weeks and these values rep- 
resent the preoperative levels. Body weight at the time of 
surgery was taken as the preoperative body weight. For 
animals which had received electrolytic lesions, data 
gathered during the initial postoperative week (recovery 
period) were excluded from analysis. Since there were no 
significant differences in postoperative data between sham 
operated and unoperated controls during the remaining four 
postoperative weeks, these two populations were pooled to 
form a single control group. The mean weekly data from the 
postoperative period were expressed as a percentage of the 
preoperative values for each animal. Using these percent- 
ages, changes in food intake, water intake, and body weight 
were compared to those of the control group by the Mann- 
Whitney test [60]. The accepted level of significance was a p 
value less than 0.05. 

Similar comparisons were made between rats which had 
received 5,7 DHT injections and their controls. The postop- 
erative period, being eight weeks in this case, was divided 
into 2 four week blocks. Due to initial significant differences 
between data from sham and unoperated control animals, 
unoperated controls were not included with the control for 
comparison of data from the first four postoperative weeks, 
but data from these animals were included for statistical 
comparisons of the data from the last four postoperative 
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TABLE | 


MEAN WEEKLY VALUES (+SEM) OF MEASURED VARIABLES 
DURING PRE- AND POSTOPERATIVE PERIODS FOR ANIMALS 
FROM EXPERIMENT | 





FOOD INTAKE [Group | MEAN | ¢Sem]| n | 











2 
2 











WATER INTAKE 





Group Preoperative Postoperative 





Food Intake (g) 


Control 
DR 

MR 

MR + DR 


Water Intake (ml) 


Control 22 
DR 5 
MR & 
MR + DR 6 


Body Weight (g) 


Control 214.2 4.7 
DR - 211.6 4.7 
MR 201.6 8.4 
MR + DR 219.8 + 10.5 





For Group abbreviations see Fig. 5. 


weeks when there were no significant differences between 
the data from sham and unoperated controls. 


RESULTS 


In this experiment, cells of origin for the ascending SHT 
pathways were destroyed, either in part or totally, by elec- 
trolytic lesions. Table | lists, for animals that received elec- 
trolytic lesions, mean weekly values of the measured varia- 
bles during the preoperative and postoperative periods. Fig- 
ure | illustrates that water intake was increased by 80 to 90% 
over preoperative levels in rats which had received lesions of 
the MR or lesions of both MR + DR. This change is reflected 
in higher total water intake as well as in a greater water/food 
consumption ratio. Rats which had received DR lesions 
alone did not exhibit hyperdipsia suggesting that damage to 
the MR was the critical factor for the hyperdipsia after com- 
bined MR + DR lesions. No significant changes in food in- 
take were observed for any of the groups with electrolytic 
lesions when compared with controls. The group with com- 
bined MR + DR lesions, which sustained the greatest dam- 
age to the midbrain, had significantly smaller body weight 
gains at the end of the fifth postoperative week. 

In contrast to the results following electrolytic lesions, 
selective chemical lesions of the ascending SHT projections 
by intracerebral injections of 5,7 DHT produced no signifi- 
cant changes in any of the measured variables when com- 
pared to shams during the four weeks immediately following 
surgery (data not shown). Although a subtle hyperdipsia was 
suggested by an elevated water/food ratio for the group 
which had received 5,7 DHT injections into the CMFB, this 
increase was not significantly different from sham operated 
controls (p >0.2). In a similar manner, no significant changes 
in any of the measured variables were evident during the last 
four postoperative weeks (data not shown). 
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FIG. 1. Effects of electrolytic lesions of the midbrain raphe nuclei on 
food and water consumption and body weight of female rats housed 
in stock cages. Mean weekly changes during postoperative weeks 2 
thru 5. For GROUP abbreviations see Fig. 5. 


EXPERIMENT 2 


In this experiment the effects of either electrolytic or 5,7 
DHT induced lesions on spontaneous wheel running activity 
were examined. In addition, the food intake, water intake, 
and body weight of some rats were monitored. 


METHOD 


Thirty-six male and twenty-five female Sprague-Dawley 
rats that weighed between 150 and 250 grams at the start of 
the experiment were used. Animals were housed individually 
in activity cages (Wahmann Mfg. Co.) composed of a living 
compartment and a running wheel connected to a mechanical 
counter. The animals had free access to the activity wheel at 
all times throughout the experiment. Animals were main- 
tained and cared for as described in Experiment 1, except 
that male rats, other than those that received lesions of the 
DR and their corresponding controls, were switched from an 
ad lib feeding regimen to one of restricted feeding after their 
body weights reached 280+ 10 grams. This was done in order 
to hold their weights at this level and maintain wheel running 
activities at relatively high levels. During the two care 
periods per week, the activity wheels and mechanical coun- 
ters were checked for proper functioning. Activity during 
these care periods was recorded separately and subtracted 
from total weekly activity to yield weekly undisturbed activ- 
ity. 

After a control period of eight weeks, during which time 
weekly wheel running activity and food and water intakes 
were recorded, animals received either electrolytic lesions or 
5,7 DHT injections as detailed in Experiment |. Unoperated 
and sham operated controls were run concurrently with the 
experimental rats. The initial four preoperative weeks were 
excluded from analysis and preoperative levels were deter- 
mined from the last four preoperative weeks. All animals in 
activity cages were monitored for eight postoperative weeks, 
and statistical analysis of the data, including activity data, 
was carried out as described in Experiment | for behavioral 
data generated by rats that had received 5,7 DHT injections. 
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Histological examination of the lesion sites was performed 
using the method outlined in Experiment 1. 

Effects of the lesions on uptake of tritiated serotonin 
(*H-SHT creatinine sulfate, specific activity=27.8 Ci/mMol, 
New England Nuclear) by crude synaptosomal preparations 
of whole forebrain (isolated by a transverse knife cut im- 
mediately caudal to the mammillary bodies) were examined 
using the basic method of Coyle and Snyder [18] as modified 
by Kuhar [42,43]. Aliquots (0.2 ml) of synaptosomal suspen- 
sion were added to iced 12 ml centrifuge tubes containing 1.6 
ml of Krebs-Ringer phosphate buffer. Buffer was prepared 
fresh daily and contained 11.1 mM glucose, 1.14 mM ascor- 
bic acid, 0.04 mM disodium EDTA, and 7.4x10-° M 
nialamide (Sigma Chemical Co.). The buffer was gassed with 
95% O.-5% CO, for at least 10 minutes prior to use and, after 
gassing, buffer pH was adjusted to 7.4 with 1 N NaOH. 

Samples were run in duplicate and were preincubated at 
37°C for 4 minutes after which time 0.2 ml of buffer contain- 
ing “H-SHT was added to each tube yielding a final 7H-SHT 
concentration of 3.6 x 10~* M. Incubation was then continued 
for an additional 4 minutes after which the tubes were re- 
turned to ice. Control samples were kept on ice during the 
incubation period, and the uptake occurring in these blank 
tubes (0°C) was considered to be non-specific and not active 
and was subtracted from the uptake of samples incubated at 
37°C to obtain the temperature sensitive, active component 
of SHT uptake. An additional aliquot of the synaptosomal 
suspension was saved for later analysis of protein content 
using the method of Lowry [47]. 

Following incubation, all tubes were immediately spun at 
10,000 G for 15 minutes in a refrigerated (2°C) centrifuge. A 
100 yl aliquot was collected from each tube for determining 
radioactivity of the medium. Tissue pellets were washed 
with 0.9% saline, vortexed, and re-spun at 10,000 G for 15 
minutes. Re-collected tissue pellets were then dissolved in | 
ml of tissue solubilizer and total radioactivity of both tissue 
and medium aliquots was determined for each sample utiliz- 
ing a Beckman LS-9000 liquid scintillation counter (quench 
corrected, *H counting efficiency approximately 34%). A tis- 
sue/medium ratio was calculated for each sample as follows: 
T/M=CPM per mg _ protein/CPM per ypl medium 
(CPM=counts per minute). 

Statistical analysis of the data from uptake experiments 
was accomplished using a one way analysis of variance 
coupled with the Newman-Keuls test for multiple compari- 
sons between individual groups [69]. The accepted level of 
significance was a pvalue less than 0.05. 


RESULTS 


In agreement with the results of Experiment 1, electroly- 
tic lesions of the DR alone did not produce significant altera- 
tions in feeding, drinking, or body weight gain when com- 
pared with controls (data not shown). Furthermore, this find- 
ing is not dependent upon the sex of the animals since the 
rats in Experiment | were females while those in this exper- 
iment were males. (Note: Since all other male rats used in 
this experiment were on a restricted feeding regimen to 
maintain body weight contstant, their food and water intakes 
are not discussed in this paper.) Table 2 lists, for female rats, 
mean weekly values for food and water intakes and body 
weight during the preoperative period, the first four postop- 
erative weeks, and the last four postoperative weeks. 

Hyperdipsia in female rats resulted from electrolytic le- 
sions of the MR (Fig. 2) which is in accord with the results of 
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TABLE 2 


MEAN WEEKLY VALUES (+SEM) OF MEASURED VARIABLES 
DURING PRE- AND POSTOPERATIVE PERIODS FOR ANIMALS 
FROM EXPERIMENT 2 





Postoperative 
Weeks 5-8 


Postoperative 


Group Preoperative Weeks 1-4 





Food Intake (g) 


Sham 6 = 182.0 
Control 10 179.0 
4 180.2 

179.2 

187.7 

171.3 


170.9+ 5.7 
161.5+ 8.0 
162.5 + 10.4 
162.4 + 11.0 
141.0+ 7.3 


ry HR HH A 


I+ I+ I+ I+ I+ 


Water Intake (ml) 


Sham 6 282 
Control 10 262 
RMFB 4 277 
LH 324 
CMFB 288 
MR 3 230 


I+ It I+ It I4 


I+ It I+ I+ I+ 


Body Weight (g) 


Sham 6 277.1 
Control 10 278.3 
4 284.9 
4 268.5 
4 294.8 
3 256.2 


9.2 297.2 + 10.7 
7.6 

17.1 295.6 + 14.0 
3.6 281.8 8.1 
18.0 309.6 + 10.2 
3.1 277.8 7.4 


i+ I+ I+ IF 4 14 





For Group abbreviations see Figs. 4 and 5. 


Experiment |. This elevated water intake was temporary, 
existing during the first four weeks following surgery and 
then returning to control levels thereafter. When examined 
on a weekly basis, a significant hyperdipsia was exhibited by 
rats with MR lesions only during the initial three postopera- 
tive weeks. These same animals also showed a small reduc- 
tion in food intake which persisted throughout the postoper- 
ative period. 

A small temporary decline in water intake by female rats 
that had received 5,7 DHT in the LH was probably due to 
mechanical damage from the cannula within the LH [51]. 
Except for this change, none of the groups which had re- 
ceived 5,7 DHT injections showed significant alterations in 
any of the measured variables when compared with controls 
(Fig. 2). This result also confirms the observations of Exper- 
iment 1. 

Figure 3 shows that electrolytic lesions of either the MR 
or DR resulted in significant hypoactivity during the first 
four weeks after surgery. (Male rats with lesions of the DR 
were compared only with their corresponding controls, 
which were males on an unrestricted feeding regimen.) 
However, the difference in activity between rats (32, 3¢) 
with MR lesions and their sham controls (62, 11¢) was 
much more striking than that between animals with DR le- 
sions and their sham controls. The activity of the groups that 
had received 5,7 DHT injections (12° , 7d) was not signifi- 
cantly different from that of controls. The relatively small 
decline in activity of male rats with DR lesions was tempo- 
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FIG. 2. Effects of electrolytic lesions of the median raphe nucleus or 
5,7 DHT induced lesions of ascending SHT pathways on food and 
water consumption and body weight of female rats housed in activity 
cages. Open bar—Mean weekly changes during postoperative weeks 
1 thru 4. Hatched bar—Mean weekly changes during postoperative 
weeks 5 thru 8. For GROUP abbreviations see Figs. 4 and 5. 


rary. During the last four postoperative weeks, there was no 
significant difference in activity between the DR group and 
their controls. On the other hand, the hypoactivity of the MR 
group continued for the duration of the postoperative term. 
After surgery the weekly activity of rats with MR lesions fell 
below 20% of the preoperative level during the first postop- 
erative week and in no postoperative week did it ever exceed 
30% of the preoperative level. This was in contrast to the 
weekly activity of sham operated animals which declined to 
60% of the preoperative level during the first postoperative 
week, but then recovered to at least 85% of the preoperative 
level by the end of the second postoperative week. Similar to 
the first four postoperative weeks, there were no significant 
changes in activities during the last four postoperative weeks 
for male and female animals that had received 5,7 DHT in- 
jections. 

Table 3 shows the effects of disruption of ascending SHT 
pathways, by either electrolytic or chemical lesions, on up- 
take of “"H-SHT by synaptosomal preparations of forebrain. 
Data are from animals of both Experiments | and 2. It is 
evident that all of the lesion groups had significant decreases 
in *H-SHT uptake. This indicates a loss of SHT terminals 
within the forebrain, presumably due to loss of ascending 
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FIG. 3. Effects of electrolytic lesions of the median or dorsal raphe 
nuclei, or 5,7 DHT induced lesions of ascending SHT pathways on 
undisturbed wheel-running activity. Open bar—Mean weekly 
changes during postoperative weeks | thru 4. Hatched bar—Mean 
weekly changes during postoperative weeks 5 thru 8. For GROUP 
abbreviations see Figs. 4 and 5. (Twenty-five female and 36 male 
rats were used in this experiment.) 


TABLE 3 


FOREBRAIN UPTAKE OF *H-5-HT FOLLOWING DISRUPTION OF 
ASCENDING SEROTONERGIC PATHWAYS AT 
THE VARIOUS LOCI STUDIED 





Group Mean + SEM* Percent of Control 





Control 159.8 5.8 100 
MR 115.3 + 12.17 72 
DR 85.7 9.47 54 
MR + DR 49.4 + 12.47 31 
MBRN 22.4% 4.37 14 
CMFB 3 97.4 + 13.17 61 
LH 67.8 + 3.37 42 
RMFB ; 77.8+ 4.07 49 





For Group abbreviations see Figs. 4 and 5. Forebrain was isolated 
by a coronal knife cut immediately caudal to the mammillary bodies. 
*Uptake is expressed as a Tissue/Medium Ratio (T/M) where 
CPM/mg of protein 
CPM/yl of medium 





T/M 


and CPM = counts per minute. 
*Denotes significantly different from control; p<0.05. 


SHT projections [42]. The different lesion sites were not 
equally effective in disrupting the SHT innervation of the 
forebrain. Injection of 5,7 DHT into the midbrain was most 
effective, while electrolytic lesions of the MR alone were 
least effective. 

Histological examination of the various lesion sites re- 
vealed minor non-specific damage associated with 5,7 DHT 
injections. Figure 4 shows representative transverse sections 
depicting cannula placements at the four sites along the as- 
cending 5HT pathway where 5,7 DHT was infused. Non- 
specific damage was observed along the length of the can- 
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FIG. 4. Photomicrographs depicting sites of intracerebral 5,7 DHT injections. A. midbrain (MBRN) B. caudal medial 


forebrain bundle (CMFB) C. lateral hypothalamus (LH) D. 


nula tracks and around the cannula tip, but never in excess of 
400 microns in diameter. 

Figure 5 consists of representative sections demonstrat- 
ing the size and placement of electrolytic lesions of the mid- 
brain raphe nuclei. Although reasonably restricted to their 
target nuclei, incidental damage to surrounding structures 
could not be ruled out, especially in the case of the combined 
lesion group (MR + DR). 


rostral medial forebrain bundle (RMFB). 


Figure 6 summarizes the behavioral and synaptosomal 
uptake changes which resulted from various lesions of the 
ascending SHT pathways. It is clear from this summary that 
the greatest behavioral changes followed electrolytic lesions 
of the MR. However, these lesions produced the smallest 
reduction in forebrain uptake of SHT, while lesions which 
produced much larger decreases in forebrain uptake of SHT 
resulted in little, if any, behavioral change. 


FIG. 5. Photomicrographs of representative sections showing electrolytic lesions of the midbrain raphe nuclei. A. median raphe 
nucleus (MR) B. dorsal raphe nucleus (DR) C. combined median and dorsal raphe nuclei (MR + DR). 





5-HT SYSTEM/LOCOMOTOR ACTIVITY/INGESTIVE BEHAVIOR 


Postoperative Weeks 1 thru 4 


Postoperative Weeks 5 thru 8 





UDA Food Water W/F BW 


LH 


RMFB 


UDA Food Water 


Forebrain 
W/F BW _ 5HT Uptake 


oes 


NA 


Arrows represent significant differences from controls. One arrow is aless than 30% 
difference; two arrows is a 30 to 60% difference; three arrows is a greater than 60% 


difference. 


NA = not applicable; UDA = undisturbed activity; W/F = water/food ratio; BW = body weight. 


FIG. 6. Summary of behavioral changes and alterations in forebrain SHT uptake following various 
lesions of the ascending serotonergic system. For GROUP abbreviations see Figs. 4 and 5. 


GENERAL DISCUSSION 


The most pronounced behavioral alterations, consisting 
of chronic hypoactivity and temporary hyperdipsia, resulted 
from electrolytic lesions of the median raphe nucleus. When 
housed in activity cages, female rats with median raphe le- 
sions exhibited a small, statistically significant, decrease in 
food intake, but this change appears to be secondary to the 
dramatic hypoactivity of these animals, and represents a 
successful compensation to avoid excessive body weight 
gain. This suggestion is supported by the equivalent body 
weights of sham operated female rats and female rats with 
median raphe lesions, a parity which was present for most of 
the postoperative term. Furthermore, in Experiment 1, 
female rats with median raphe lesions, that had no access to 
activity wheels, did not show a decline in food intake when 
compared to controls. 

Rats with lesions of the dorsal raphe nucleus displayed a 
small temporary decline in activity but did not show altera- 
tions in food and water consumption. Combined lesions of 
the median and dorsal raphe nuclei produced the hyperdipsia 
characteristic of median raphe damage alone. In addition, 
they also resulted in a significantly smaller body weight gain 
that may be similar to the reduced body weight accompanied 
by normophagia reported to occur after midbrain lesions and 
may reflect a metabolic disturbance [7]. 

Hypoactivity subsequent to electrolytic lesions of the 
midbrain raphe nuclei is not in agreement with some earlier 
reports of hyperactivity after such lesions [26, 34, 40, 61]. 
The difference appears to be due, in part, to the method used 
for measuring activity. Comparison of different activity 
measures has revealed that such measurements reflect sepa- 
rate components of general activity and do not monitor the 
same parameters [48,62]. As a consequence, wheel running 
activity is not truly comparable to activity measured with a 


stabilimeter cage, and neither one of them may be commen- 
surate with open field measurements. Therefore, decreased 
wheel running after raphe lesions is not necessarily incom- 
patible with hyperactivity as gauged by other methodologies. 

The animals which showed decreased wheel running in 
the present study were hyper-reactive to environmental 
stimuli such as sound. It would not be surprising if these 
animals displayed increased ‘‘activity’’ if subjected. to the 
testing procedures of others who have utilized running 
wheels in which short test sessions follow a very brief accli- 
mation period. However, in our protocol the animals are 
allowed to acclimate to their activity wheels, which are part 
of the home cage, for eight weeks prior to surgery. This 
initial acclimation attenuates the novelty factor and reduces 
the chance of measuring reactivity to the environment. Thus 
the wheel running behavior reported here is an indicator of 
locomotor activity [48] which relates to energy balance and 
the physiological regulation of energy exchange [13]. Our 
finding of hypoactivity is consistent with a report of de- 
creased wheel running 3 weeks after combined median and 
dorsal raphe lesions [35]. 

The behavioral changes that followed electrolytic ablation 
of the midbrain raphe nuclei were not replicated by lesions of 
the ascending SHT pathways produced by bilateral 
intracerebral infusions of 5,7 DHT. These differential find- 
ings were not due to relatively ineffective.disruptions of SHT 
projections by 5,7 DHT injections, since these infusions 
yielded equivalent and often larger decreases in forebrain 
uptake of SHT than did electrolytic lesions that resulted in 
behavioral alterations. The discrepancy appears to be due to 
the relative specificities of the two methods. The behavioral 
consequences of electrolytic raphe lesions observed in the 
present experiments are not attributable to disruption of the 
ascending SHT system, but rather appear to result from 
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non-specific damage to neural elements which are not 
serotonergic. This is consistent with other recent reports [30, 
31, 38, 45] and cautions against ascribing a serotonergic basis 
to certain effects resulting from electrolytic lesions of the 
midbrain raphe nuclei, especially the median raphe nucleus. 

Injections of 5,7 DHT directly into the median raphe nu- 
cleus has been reported to produce hyperdipsia [6] and 
hypoactivity [58]. These changes are quite similar to the al- 
terations which follow electrolytic ablation of the median 
raphe nucleus. The present study, in agreement with others 
[30,31], has shown that these changes do not occur after 5,7 
DHT is injected into points along the ascending SHT path- 
ways rostral to the median raphe nucleus. The reason for the 
difference in results depending upon injection site is unclear, 
but it may be due to the high concentration of 5,7 DHT 
solution which was injected directly into the median raphe 
nucleus. Such concentrated solutions of 5,7 DHT (8 ug/yl 
and 4 wg/ul) may produce a high degree of non-specific dam- 
age to neural elements other than SHT cells [9], and thus 
produce behavioral changes that resemble those resulting 
from electrolytic damage to the area. 

Behavioral manifestations associated with damage to un- 
defined elements within the brainstem have been reported. 
Hyperdipsia has been observed after electrolytic lesions in 
the midbrain raphe nuclei [15,46], locus coeruleus [53], and 
areas bordering the locus coeruleus [39]. However, damage 
to neither ascending SHT pathways nor noradrenergic fibers 
[39] accounts for the behavioral change. Similarily, both 
body weight [7] and motor activity [7,19] are affected by 
electrolytic midbrain lesions, yet the neural systems in- 
volved have remained unidentified. Data from the present 
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study indicate that loss of ascending S5HT fibers is not a 
critical factor in producing these effects. 

Regardless of the rostro-caudal level at which ascending 
SHT projections were damaged by 5,7 DHT, feeding, drink- 
ing, and locomotor activity were unaffected. These behav- 
iors have been classically associated with lateral hypotha- 
lamic function [1, 4, 27, 64, 68]. Despite evidence for linkage 
between the ascending SHT system and the lateral hypothal- 
amus [24, 29, 36, 50, 55], serotonergic mechanisms do not 
appear to exert overt influence on behaviors thought to be 
regulated by the lateral hypothalamus. Therefore, the func- 
tion of the SHT innervation of the lateral hypothalamus re- 
mains unknown. 

In summary, ascending S5HT fibers originating in the mid- 
brain raphe nuclei do not appear to play a critical role in the 
regulation of ingestive behavior or locomotor activity. Thus 
the importance of brain SHT in the physiology of energy 
exchange is questionable. Furthermore, caution must be 
exercised in the interpretation of behavioral data obtained 
after electrolytic midbrain lesions involving the raphe nuclei, 
since such ablations produce results which do not seem to be 
related to serotonergic mechanisms, but instead, depend on 
damage to undefined, non-serotonergic substrates. 
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SMITH, C. AND S. BUTLER. Paradoxical sleep at selective times following training is necessary for learning. 
PHYSIOL. BEHAV. 293) 469-473, 1982.—Rats were trained in a two-way shuttle shock avoidance task, 20 trials per day 
for 5 consecutive days. In Experiment 1, groups were subjected to selective paradoxical sleep deprivation (PSD) for daily 4 
hour periods. It was found that only PSD applied between 9-12 hours or 17-20 hours after the daily training sessions 
resulted in acquisition deficits. These vulnerable time periods coincided with polygraphically observed PS increases above 
normal levels following identical training procedures in previous studies. In Experiment 2, animals were only allowed PS 
during the 9-12 hour and 17-20 hour post training time ‘*‘windows’’ observed in Experiment |. For the remaining time each 
day, they were subjected to PSD. Acquisition was found to be unimparied, despite this severe treatment. However, any 
other equivalent length PSD regime which overlapped with either of the time *‘windows’”’ resulted in severe retardation of 
task acquisition. Results were believed to provide strong support for the sleep-learning hypothesis. 
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THE relation between learning and sleep states has been of 
recent interest. The state of sleep most probably involved is 
paradoxical sleep (PS) and most of the results supporting the 
learning-sleep hypothesis have come from animal studies [1, 
3, 4]. Of specific interest are those studies which have focus- 
sed on the modification of memory following training ses- 
sions by introducing PS deprivation (PSD). The outcomes of 
these studies have been mixed with many positive results, 
but a substantial number of negative results as well. It has 
generally been assumed that the critical period for sleep 
(usually PS) is within the first few hours after the training 
sessions [1, 3, 4]. Studies, in which animals have been poly- 
graphically recorded continuously over a period of days 
while they mastered a learning task, have revealed that ab- 
normally high levels of PS, over baseline levels do occur as 
learning progresses. These PS increases can begin almost 
immediately after the training session [8], but often only 
begin to manifest 4-12 hours after the end of the training 
sessions [2, 5, 6, 8]. These long latency PS increases would 
appear to depend upon the strain of animal, type of training 
task and number of training trials per session [2, 5, 6, 8]. It 
was hypothesized that these delayed PS increases corre- 
sponded to critical times in the learning progress of the 
animal and that only if PSD were applied during these 
periods, would learning be retarded. 


EXPERIMENT | 


It was decided to use a task and strain of rat in which the 
latency to onset and duration of abnormally high levels of PS 


following training was well known. Thus, Sprague-Dawley 
rats were chosen to learn a two-way shuttle shock avoidance 
task, with training sessions being 20 trials per day for 5 con- 
secutive days. Animals in this situation were found to exhibit 
abnormally high levels of PS about 10 hours after that train- 
ing session which preceded a maximum increase in correct 
performance. The duration of this PS increase was 12 hours 
[8]. The timing and duration of PS can be seen in Fig. la. 


Method 


Naive Sprague-Dawley male rats weighing 350-450 g were 
randomly assigned to one of 7 groups. Each group was com- 
posed of 16 animals (Total N=112). The 7 groups were as 
follows: 


GRC. These control animals were given 20 training trials 
in the two-way shuttle shock avoidance task for 5 consecu- 
tive days. No PSD was ever imposed. 

GR 1-4. These rats were given 20 training trials, as was 
the GRC group. Immediately following each training session 
they were placed in the PSD situation for 4 hours. 

GR 5-8.These animals were given the 20 training trials and 
then allowed 4 hours to rest in their home cages. From hours 
5-8 following each training session, they were placed in the 
PSD situation. 

GR 9-12. These rats were given 20 training trials followed 
by 8 hours of rest in the home cage. Then they were placed in 
the PSD situation for a 4 hour period from 9-12 hours after 
each training session. 

GR 13-16. Training was followed by a 12 hour rest in the 
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home cage. This rest was followed by 4 hours of PSD during 
the 13-16 hours after the training sessions. 

GR 17-20. These rats were treated in an identical manner 
to rats in the other test groups except that the PSD period 
occurred from 17-20 hours after the training sessions. 

GR 2/]-24. The PSD period was from 21-24 hours after the 
training sessions. Otherwise, they were treated in exactly the 
same manner as all of the other test groups. Figure 1b shows 
the timing of the various PSD groups with respect to the 
training sessions. 

All animals were trained between 9-11 a.m. each day and 
were run in batches of eight, with four rats being from one 
PSD or control group and four from a different group. As 
well, four animals were completed for each of the group 
conditions, before a second four were added. Successive 
groups of four were run for each of the conditions to finally 
make a total of sixteen per group. In this way, no particular 
group could accidentally come from one litter. A 12 hour 
light-dark cycle was imposed on all animals, the light cycle 
beginning at 8 a.m. and the dark cycle beginning at 8 p.m. 
each day. The PSD apparatus has been previously described 
[7] and basically utilizes the ‘‘swimming pool’’ technique. 


Results 


Only animals in the GR 9-12 and GR 17-20 groups were 
significantly retarded by the 4 hour PSD situation. The 
overall analysis of variance showed a significant groups fac- 
tor, F(6,105)=5.78, p<0.001, a significant days factor, 
F(4,420)=115.90, p<0.001, and a significant groups x days 
interaction, F(24,420)=2.08, p<0.005. Acquisition curves of 
the groups can be seen in Fig. 2, Experiment 1. Individual 
comparisons between groups were performed by means of 
the Neuman-Keuls test. The GR 9-12 group had the poorest 
scores of any of the groups (p<0.01). The GR 17-20 group 
had a mean score higher than the GR 9-12 group (p<0.01), 
but lower than the acquisition scores of all of the other 
groups including the normally rested controls (GRC) 
(p <0.01). Thus acquisition could be substantially reduced at 
two special 4 hour *‘windows’”’ of time, one starting 8 hours 
after training and the second starting 16 hours after training 
each day. PSD at the second *‘window’”’ was less devastating 
then at the first, but still very pronounced. An analysis of 
variance also compared the scores on the first training day 
(prior to any PSD) for all 7 groups. No differences were 
found, F(6,105)=0.87, p>0.50. 


EXPERIMENT 2 


Since only two small windows of PSD (9-12 and 17-20 hrs 
following training) had any effect on acquisition, it was de- 
cided to see if these times might be the only times that PS 
was needed in order for task acquisition to take place. 


Method 


The PSD apparatus was the same as that used in Ex- 
periment 1, and all groups had 16 naive subjects (Total 
N=96). The 6 groups were all subjected to an initial 42 hours 
of PSD. Following this, groups were placed on a partial PSD 
regime, such that they were allowed 6.5 hrs of sleep every 24 
hours. It was hoped that this procedure would induce a more 
constant physiological state in the animals. Based on previ- 
ous experience, it was found with polygraphically recorded 
animals placed in this situation that constant, high levels of 
PS and SWS were exhibited by the animals during the daily 
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HOURS AFTER TRAINING 


FIG. 1. From previous studies [8], the onset and duration of PS 
above normal baseline levels following shuttle box training (20 trials 
per day) can be seen in (a). From Experiment 1, the timing of the 
various 4 hour PSD periods following training (TR) are shown in (b). 
The elevations opposite GR 9-12 and Gr 17-20 in (c) indicate the 
two PSD time ‘‘windows’’ when task acquisition was retarded. 
From Experiment 2, the elevated portions of d, e, f, g, and h indicate 
the timing of the rest periods when PS was allowed following TR. 
(d) corresponds to the TR-R-D group, (e) to the TR-5.5D-R-12D 
group, (f) to the TR-12D-R-5.5D group, (g) to the TR-D-R- group and 
(h) corresponds to the TR-8D-3.5R-4D-3R-5.5D group. 


6.5 hour rest periods. The rest periods were not long enough 
for the animals to make up the PS deficit and the level of PS 
remained fairly constant when alternated with the daily 17.5 
hour PSD periods. At the same time the problems of deteri- 
orating health due to more lengthy PSD regimes was avoided 
[7]. As opposed to Experiment 1, the lights were on con- 
tinuously throughout the study. The groups were differen- 
tially treated as follows: 

Non-Deprived Controls (NDC). These rats were given 20 
trials per day in the two-way shuttle shock avoidance task 
and allowed normal rest. No PSD was ever given. This group 
was treated in a manner identical to the GRC group of Exper- 
iment 1, and consisted of naive rats, different from those in 
Experiment 1. 

Train-Rest-Deprivation (TR-R-D). This group was trained 
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immediately following the 42 hour PSD session and then 
allowed 6.5 hours in the home cage to rest and sleep. At the 
end of the rest period they were again placed in the PSD 
situation for 17.5 hrs until the next training session (see Fig. 
Id). 

Train-Deprivation-Rest (TR-D-R). This group was given 
20 trials in the shuttle task and then subjected to another 17.5 
hrs of PSD before being allowed the 6.5 hrs of rest (see Fig. 
1g). 

Train-5.5 hr Deprivation-Rest-12 hr Deprivation (TR- 
5.5D-R-12D). These animals were trained and then deprived 
of 5.5 hours of PS before being allowed the daily 6.5 hour 
rest period. The rest period was followed by another 12 hour 
deprivation (see Fig. le). 

Train-12 hr Deprivation-Rest-5.5 hr Deprivation (TR- 
12D-R-5.5D). This group was given training during the 17.5 
hour PSD period. Training began 5.5 hours after the start of 
the deprivation session. PSD was then continued for another 
12 hours before the rest period was begun (see Fig. If). 

Train-8 hr Deprivation-3.5 hr Rest-4 hr Deprivation-3 hr 
Rest-5.5 hr Deprivation (TR-8D-3.5R-4D-3R-5.5D). It was 
intended that this group sleep only during the two ‘‘win- 
dows’’ of time found in Experiment |. It was necessary to 
shorten the time of 4 hours in each window to make a total of 
6.5 hours of rest like the other test groups. Thus, it was 
decided to allow 3.5 hours of sleep at the first window, be- 
cause it was apparently the most vital (GR 9-12 from Exper- 
iment 1) and 3 hours of sleep at the second window (GR 
17-20 from Experiment 1; see fig. 1h). 


Results 


The overall analysis of variance of the groups revealed a 
significant groups effect, F(5,90)=4.17, p<0.005, a signifi- 
cant days effect, F(4,360)=76.47, p<0.001, and a significant 
groups X days interaction, F(20,360)=1.61, p<0.05. A 
Neuman-Keuls test was performed to compared individual 
groups. Only two groups exhibited task acquisition, the GRC 
and the TR-8D-3.5R-4D-3R-5.5D animals and they were both 
superior (p<0.01) to the other four groups which did not 
exhibit task acquisition. Curves can be seen in Fig. 2, Exper- 
iment 2. A separate analysis of varinace was done on the 
scores of the first training day for all 6 groups. No differ- 
ences were revealed, F(5,90)=0.93, p>0.40. 


DISCUSSION 


Because animals in this study were not polygraphically 
recorded, it is not possible to know the amounts of sleep and 
waking activity which occurred during the non-PSD periods. 
However, from previous studies, in which animals of the 
same strain were continuously monitored, it is possible to 
make a reasonable estimate. Rats subjected to the more se- 
vere PSD situation, as in Experimet 2, were found to spend 
about 60% of the 6.5 hour rest period asleep. The majority of 
this sleep time (70-80%) was spent in slow wave sleep 
(SWS), while 20-30% was spent in PS [7]. Normally rested 
animals, on the other hand, were found to spend about 50% 
of their time asleep, with 5-15% PS and 85-95% SWS. It 
seems likely that the amounts of sleep in Experiment 2 were 
very close to that seen in previous recording studies. How- 
ever, the amount of sleep and waking activity following the 4 
hour PSD periods is harder to estimate. Animals typically 
exhibit around 2-5 minutes per hour of PS when normally 
rested, and 3-11 minutes per hour during the special times 
when training reaches a critical level [8]. Thus, it might be 
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FIG. 2. In Experiment |, the GR 9-12 group was significantly poorer 
in task performance than all other groups (p<0.01). The GR 17-20 
group performed better than the GR 9-12 group (p<0.01) but worse 
than all of the other groups on the learning task (p<0.01). In Exper- 
iment 2, the NDC and Tr-8D-3.5R-4D-3R-5.5D groups had signifi- 
cantly higher learning scores than all of the other groups (p<0.01). 


expected that the relatively short PSD would induce a slight 
enhancement of this figure following the deprivation, but 
that the slight deficit would very quickly be ‘‘made up.”’ 
Since the amount of waking time appears fairly stable, this 
slight increase in PS might occur at the expense of SWS. 
During times of increased PS during learning, as has already 
been observed, when the PS increases, there is a slight re- 
duction in the amount of SWS [8]. 

The results of Experiment | and 2 clearly indicate that 
there are two important times or ‘“‘windows’’ following the 
training sessions given. There is, because of the long delay 
between training and vulnerable PSD windows, obviously no 
impairement of initial acquisition. It seems most likely that 
the PS (which is presumably occurring during the rest 
periods) is closely related to the further processing of re- 
cently acquired information. However, whether the PSD 
prevents the completion of some phase of more permanent 
memory storage or interferes with retention mechanisms 
cannot be decided on the basis of the present results. 

The first window would appear to be the most important, 
since GR 9-12 (Experiment 1) animals are significantly in- 
ferior to any other group in terms of their learning perform- 
ance. This window #1 coincides with the first abnormally 
large increases in PS levels seen in previous work with rats in 
this identical situation. These PS increases began to manifest 
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10 hours after the training sessions ([8], Fig. la). One might 
have expected that the learning scores of the TR-5.5D-R-12D 
group of Experiment 2 (Fig. le) would have been higher, 
since the rest period allows sleep at window #1. When win- 
dow #2 was selectively exposed to PSD (GR 17-20, Experi- 
ment 1), the learning score was low, but higher than that 
resulting from similar PSD of window #1 (GR 9-12, Experi- 
ment 1). However, for the TR-5.5D-R-12D group, PSD ex- 
tended over the GR 13-16 time period as well as the GR 
17-20 time period. Clearly, PSD from 13-20 hrs following 
training is more devastating to learning progress than PSD 
from 17-20 hrs, even though PSD from 13-16 hrs alone does 
not result in a learning deficit (Experiment 1). It would seem 
that the PS during the 13-16 hour period, although not ap- 
parently necessary if PS is allowed in the 17-20 hour period, 
enhances the effectiveness of the PSD in the 17-20 hr period 
when it is also eliminated as in the TR-5.5D-R-12D group. 
Thus PS in the 17-20 hr period may be sufficient to ‘‘make 
up”’ that lost in the 13-16 hr time window in some way. This 
idea is consistent with the abnormally elevated PS observed 
in previous work during the 13-16 hr period following train- 
ing in this identical situation [8]. 

It will be noted that the PSD of window #1 begins 2 hours 
before the stated onset of the abnormally elevated PS in- 
creases and extends 2 hours into this PS time. The PSD 
period was applied in this fashion in order to be sure to 
precede the beginning of any PS increase, since the 10 hour 
value [8] is an average one. It might in fact be that some 
animals would begin these abnormal PS increases somewhat 
sooner. However, the important PS may well start at the 10 
hour period and 2 hours of PSD (the last two hours of the GR 
9-12 group) may be enough to retard the learning progress of 
the animal. This would suggest that PS at the beginning of 
the PS elevation period is of special importance. Only further 
experiments will provide answers to these questions and a 
detailed study of the PS during these time windows is now in 
progress. 

Most studies utilizing the PSD technique have done so 
without prior knowledge of when extra amounts of PS did 
occur following a particular task with a given strain of 
animal, and number of training trials. Usually, it has been 
assumed that the important time period to deprive an animal 
of PS is immediately after the end of the training session. 
This has led to a certain number of studies reporting positive 
results (PSD impairs learning), but a substantial number of 
studies with negative results as well (PSD has no effect on 
learning) [1, 3, 4). The results of the present experiments 
suggest that one reason for these negative results [1, 3, 4], 
was that PSD was not applied at times corresponding to 
critical PS elevations. 

There are a number of alternative hypotheses and expla- 
nations which might account for the results of the present 
experiments. 

The argument that stress could be a major factor in PSD 
studies has often been raised [1, 3, 4]. It seems clear that this 
explanation cannot be used with these results, since in both 
experiments, PSD was the same for all test groups. If stress 
was caused by PSD, then it must have been equal in all of the 
groups. In Experiment 1, it is assumed that this stress was 
minimal, but in Experiment 2, the stress was undoubtedly 
pronounced as the level of PSD was reasonably high and PS 
levels of 20-30% have been observed in animals treated in 
the same fashion [7]. Yet learning occurred, provided PS was 
allowed during the important time windows. 

The same kind of explanation can be used for the 
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possibility that the results were caused by increased central 
nervous system excitability due to PSD [1]. The PSD in both 
experiments was controlled such that this variable could not 
explain the different scores of the various groups. An almost 
identical argument can be made for the idea that the PSD 
somehow interfered with the motor performance of the 
animals in the groups that did not learn the task. 

It seems unlikely that the results of the present experi- 
ments are somehow peculiar to the avoidance task itself and 
that they do not reflect a general learning phenomenon. Sev- 
eral studies have already shown that abnormally large PS 
increases occur at various times following training in appeti- 
tive tasks in the rat and that PSD applied following training 
impaired acquisition of these tasks [4,6]. 

Since animals were trained from 9-11 a.m. and the dark 
part of the light-dark cycle began at 8 p.m., it is possible that 
the effects observed might be confounded in some way with 
a circadian rhythm. This seems unlikely for several reasons. 
First, continuous polygraphic sleep records of normal sleep 
prior to the imposition of any learning task in this strain of 
rat, shows that with the onset of darkness, there is a marked 
reduction in the amount of both PS and SWS. This is to be 
expected since the rat is a nocturnal animal. The fact that the 
PS observed in trained, recorded animals was above normal 
levels in this time period is thus opposite to that which would 
be expected [8]. Moreover, the GR 17-20 group was also 
impaired, and the PSD here also falls in the dark part of the 
cycle, but does not coincide with its onset. An even more 
compelling reason to assume that the light-dark cycle is not 
vital to these phenomena are the results of Experiment 2. In 
this study, the animals were severely PS deprived and the 
lights were kept on continuously. The combination of severe 
PSD and abolition of the light-dark condition undoubtedly 
greatly reduced any effect of the previously imposed light- 
dark cycle. Yet the two important time windows were still 
found to be at 9-12 and 17-20 hours following training. 

The literature on PSD prior to training is equivocal in 
terms of its ability to retard task acquisition [3]. In the pres- 
ent studies, it is possible to compare the animals in Experi- 
ment | (which had no prior PSD), with those in Experiment 2 
(which had an initial 42 hour PSD). An independent f-test 
comparing first training day scores of the 6 test groups (PSD) 
in Experiment | (96 scores) with the 5 PSD groups of Exper- 
iment 2 (80 scores) revealed a significant difference, 
t(174)=2.425, p<0.02. The non-PSD animals had higher 
scores (Mean=6.36) than the PSD animals (Mean=4.68). 
Thus it would seem that the 42 hours of PSD prior to the first 
training session had a detrimental effect on the first day ac- 
quisition scores of PSD groups in Experiment 2. However, 
this effect seems to have been of relatively small importance 
by the fifth training day. An independent f-test comparing 
the 4 PSD groups that exhibited acquisition in Experiment | 
(64 scores) with the TR-8D-3.5R-4D-3R-5.5D group which 
exhibited acquisition in Experiment 2 (16 scores) revealed no 
differences, 1(78)=1.196, p>0.20. 

Other theories that have been invoked to explain the 
possible effect of PSD on learning have been the state de- 
pendent and neurotransmitter depletion theories [3,4]. Re- 
garding the state dependent hypothesis, it seems unlikely 
that the rats in Experiment | were in a different physiological 
state as a result of 4 hours of PSD. In Experiment 2, the PSD 
was more severe, but attempts were made to provide a con- 
stant physiological state by imposing an initial PSD of 42 
hours, and then a partial PSD regime to maintain the condi- 
tion. In both experiments, the PSD in only some groups 





PARADOXICAL SLEEP FOLLOWING TRAINING 


induced learning defecits, indicating that state dependence is 
not likely an important variable. 

Neurotransmitter depletion undoubtedly requires more 
severe PSD conditions by far than were imposed in Experi- 
ment | [4]. For Experiment 2, although PSD was more se- 
vere and neurotransmitter depletion might arguably have oc- 
curred [4], with the right timing of the rest periods, animals 
were able to learn the task anyway. As a consequence, any 
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neurochemical changes would only be of secondary impor- 
tance. 

Clearly, the idea that a fragile period in which PS plays a 
Vital part must immediately follow aquisition [1, 3, 4] will 
have to be modified in view of the present results. It must 
include times which are many hours after initial acquisition, 
yet which are vulnerable for some reason. It seems most 
likely that PS is involved in a process either involving mem- 
ory storage or retention mechanisms. 
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BLAUSTEIN, J. D., T. J. BROWN AND D. S. READING. Failure of protein synthesis inhibition to block progesterone 
desensitization of lordosis in female rats. PHYSIOL. BEHAV. 2%3) 475-481, 1982.—Progesterone’s desensitization effect 
on lordosis has been shown to correlate with a decreased concentration of hypothalamic progestin receptors after 
progesterone injection. In a recent study, one group of investigators found that the protein synthesis inhibitor anisomycin 
appeared to block progesterone’s desensitization effect. Despite decreased levels of cytoplasmic progestin receptors, 
progesterone + anisomycin-treated rats exhibited a high level of lordosis four hr after a second progesterone injection. 
Because this finding conflicts with a progestin receptor model of progesterone’s desensitization effect, we investigated it 
further. In the first experiments, ovariectomized rats were injected with estradiol benzoate followed 24 hr later by either 
progesterone or vehicle. Anisomycin injected 3 hr after progesterone, at a dose that causes inhibition of hypothalamic 
protein synthesis for at least 4 hr, was without effect on progesterone desensitization a day later. In other experiments 
silastic implants containing estradiol were inserted into ovariectomized rats. Forty-five hr later, rats received progesterone 
or vehicle, followed by injections of anisomycin or saline. Rats receiving anisomycin + progesterone were still highly 
receptive at 30 hr while saline + progesterone controls were not. Furthermore, the results were similar 4 hr after a second 
injection of progesterone at 30 hr. In a related experiment, we confirmed that anisomycin delayed dramatically 
termination of the period of sexual receptivity. In this laboratory anisomycin does not seem to block progesterone’s 
desensitization effect. However, with certain procedures anisomycin delays the termination of sexual receptivity. Thus it is 
important in investigations of the mechanism of progesterone’s desensitization effect that animals be tested prior to the 
second progesterone injection to determine if they are actually responding to the progesterone. 

Lordosis Sexual behavior Progesterone desensitization Protein synthesis 


Progesterone Anisomycin 





PROGESTERONE interacts with estradiol to regulate sex- reestablished by further stimulation by estradiol [1]. There- 


ual receptivity of rodents in several ways. In estrogen- 
primed rodents, progesterone facilitates the display of lor- 
dosis [9], and interacts with estradiol to determine the dura- 
tion of sexual receptivity [10, 13, 20]. Furthermore, under 
some conditions, progesterone causes desensitization of the 
neural substrate to progesterone [1, 2, 9, 19]. 

Studies of the cellular mechanisms of action of 
progesterone suggest that the following sequence of cellular 
events is involved in mediating progesterone’s effects on 
lordosis. Estradiol increases the concentration of cytoplas- 
mic progestin receptors in circumscribed areas of the brain 
[4, 14, 17]. Progesterone decreases the concentration of cy- 
toplasmic receptors in neural cells of the hypothalamic area 
[3, 18, 23] and causes the accumulation of progestin recep- 
tors in the cell nuclei [5], a putative cellular site of action of 
progesterone. By about the time that the period of sexual 
receptivity terminates, the concentration of progestin recep- 
tors decreases in the cell nuclei, while the concentration of 
cytoplasmic progestin receptors remains depressed. A day 
after an injection of a sufficient dose of progesterone rats are 
desensitized to respond to a second injection of progesterone 
unless a high level of cytoplasmic progestin receptors is 


fore, the concentration of hypothalamic cytoplasmic proges- 
tin receptors seems to be under dual control; estradiol in- 
creases and progesterone decreases the concentration with 
consequent changes of the neural substrate in sensitivity to 
progesterone. An adequate dose of progesterone in the pres- 
ence of sufficient levels of cytoplasmic progestin receptors 
causes the apparent translocation of receptors from cyto- 
plasm to the cell nuclei. 

There is substantial experimental support for the notion 
that progestin receptors mediate progesterone’s effects on 
lordosis [1-6, 8, 16-18, 21, 23, 27]. However, a recent report 
has suggested that in one circumstance, a day after 
progesterone injection in rats bearing silastic capsule im- 
plants of estradiol, rats respond to a second progesterone 
injection despite diminished levels of cytoplasmic progestin 
receptors [22]. That is, according to Parsons and McEwen 
[22], an injection of the protein synthesis inhibitor 
anisomycin 3-9 hr after a progesterone injection blocks 
progesterone’s sequential inhibitory effect. The animals ap- 
peared to respond to the second progesterone injection de- 
spite a decreased concentration of cytoplasmic progestin re- 
ceptors in the hypothalamus. Because these results are in- 
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compatible with a progestin receptor model of progesterone 
desensitization, we attempted to extend these findings using 
our hormonal injection procedures. 


METHOD 


Female Sprague-Dawley rats were purchased from a 
commercial supplier (Biolabs, Inc., St. Paul, MN for Exper- 
iment 1; Charles River Breeding, Cambridge, MA for Exper- 
iments 2-5). They arrived in the laboratory weighing 100-150 
g, and were group-housed in plastic cages with sawdust bed- 
ding until ovariectomized. Environmental illumination was 
provided from 2200 to 1200 daily and room temperature was 
maintained at approximately 23°C. Teklad laboratory chow 
(Teklad, Madison, WI) and tap water were freely available. 

With the exception of Experiments 2 and 3, animals were 
ovariectomized one week prior to treatment under 
methohexital anesthesia (52 mg/kg body weight, Brevital, Eli 
Lily and Co.) through a single midventral incision. Estradiol 
benzoate dissolved in 0.1 ml sesame oil was injected sub- 
cutaneously. Progesterone dissolved in either 0.1 ml or 0.2 
ml propylene glycol was injected subcutaneously. In Exper- 
iment | and 2, the 2.5 mg progesterone injection was ad- 
ministered at the start of the dark phase of the light:dark 
cycle (1200 hr), and in Experiment 4 and 5, it was injected 3 
hr prior to the start of the dark phase (0900 hr). Silastic 
capsules of estradiol-178 diluted to a concentration of 5% 
with cholesterol were made from Silastic Medical Grade tub- 
ing (1.47 mm (i.d.) x 1.96 mm (o0.d.)) (Dow Corning, Mid- 
land, MI). A wood plug was inserted into one end of the 
tubing, and the tubing was sealed with silastic adhesive. The 
crystalline estradiol was tightly packed into the tubing and a 
wood plug was inserted into the other end of the tubing so 
that there was a 5 mm surface exposure to estradiol. 
Twenty-four hr prior to use, capsules were placed into host 
rats to incubate. At the time of implantation, they were re- 
moved, rinsed in phosphate-buffered saline, and implanted 
through a 4 mm incision in the nape of the neck under 
methoxyflurane (Metofane, Pittman-Moore, Inc., Washing- 
ton Crossing, NJ) anesthesia. Anisomycin was dissolved in 
saline (100 mg/kg body weight at a concentration of 2%), and 
the pH was adjusted to 7 on the day of use. All injections 
were subcutaneous. 

Tests for lordosis took place in 53 cm diameter round 
testing arenas with walls that were 41 cm high and with pine 
shavings covering the floor. When tests occurred in the dark 
phase of the illumination cycle, dim red lighting was pro- 
vided by a 40 W red fluorescent bulb. Tests consisted of 10 
vigorous mounts with thrusting by sexually-experienced 
Sprague-Dawley male rats. Testing was done with the exper- 
imenters blind to treatment groups. Quality of each lordosis 
was rated as 0, 1, 2 or 3 (no, slight, moderate, or full dorsi- 
flexion) as described by Powers and Valenstein [25]. The lor- 
dosis rating was computed as the mean score for the ten 
mounts. The lordosis quotient was computed as ‘number of 
lordoses/number of mounts) x 100. Because animals were 
tested more than once in each experiment, vaginal masks 
were used to prevent intromission. 

Statistical analysis was by two-way analysis of variance 
[31], one-way analysis of variance with repeated measures 
[11], or Student’s t-test for independent groups, as appro- 
priate. Only statistical analyses of lordosis rating are re- 
ported, although nearly identical results were obtained with 
lordosis quotients. 
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EXPERIMENT | 


Parsons and McEwen [22] reported that a single injection 
of anisomycin at about the time of an injection of 2.5 mg 
progesterone blocked the sequential inhibitory effect of that 
progesterone injection 24 hr later. Rats appeared to respond 
to a second injection of 0.5 mg progesterone 24 hr after the 
first injection. In their experiment, ovariectomized rats had 
been implanted with silastic capsules containing 10% es- 
tradiol and 90% cholesterol 72 hr prior to the first injection. 
In the first experiment we tried to extend their findings to our 
standard procedures in which rats are injected with 
progesterone a day after an injection of estradiol benzoate 
[6]. If the dose of the first progesterone injection is suffi- 
ciently high, rats are unresponsive to 0.5 mg progesterone a 
day later. 


Procedure 


Thirty-five rats were ovariectomized one week prior to 
being used. Rats weighed 200-300 g at the time of testing. 
They were injected with 2 wg estradiol benzoate followed 
twenty-four hr later with either 2.5 mg progesterone or the 
propylene glycol vehicle. As did Parsons and McEwen [22], 
we used a propylene glycol vehicle, which results in higher 
plasma levels of progesterone shortly after injection than 
sesame oil [13]. Three hr later, half of the animals from each 
group were injected with anisomycin and half were injected 
with the saline vehicle. Twenty-four hr after the first 
progesterone injection, they were tested for sexual behavior, 
and injected with 0.5 mg progesterone. Four hr later, they 
were tested again for sexual behavior. 


Results 


Two factor analysis of variance revealed no significant 
treatment effects or interaction at the time of the first test 
(Fig. 1). Statistical analysis revealed that progesterone 
treatment resulted in a statistically significant decrease in 
lordosis rating, F (1,29)=16.14, p<0.0005 when rats were 
tested 4 hr after the second progesterone injection (28 hr). 
There was no statistically significant progesterone xX 
anisomycin interaction that would suggest that anisomycin 
had blocked the sequential inhibitory effect of the first 
progesterone injection. 


EXPERIMENT 2 


Experiment | failed to detect an effect of anisomycin on 
the sequential inhibitory effect of progesterone as had been 
reported by Parsons and McEwen [22]. In the second exper- 
iment, we tried a procedure that was identical to the proce- 
dure of Experiment 1, except that the pretest prior to the 
second progesterone injection was eliminated, vaginal masks 
were not used, and testing was delayed until 5—7 hr after the 
progesterone injection. 


Procedure 


Thirty-two rats that had been used in an experiment two 
weeks earlier were injected as in Experiment |. Five to 
seven hr after the last injection, they were tested for sexual 
receptivity. 


Results 


One rat that had been injected with anisomycin and 
progesterone died prior to testing. Two-way analysis of vari- 
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FIG. 1. Lordosis rating (+ SEM) and lordosis quotient (+ SEM) of 
ovariectomized rats injected with 2 wg estradiol benzoate followed 
24 hr later by 2.5 mg progesterone + anisomycin (P - A), 
progesterone + saline vehicle (P - V), propylene glycol vehicle + 
anisomycin (V - A), or propylene glycol vehicle + saline vehicle (V - 
V). Rats were tested 24 hr later, injected with 0.5 mg progesterone, 
and tested again 4 hr later. 


ance revealed that progesterone caused a decrease in the 
lordosis rating, F(1,27)=15.69, p<0.001. Confirming the re- 
sults of Experiment 1, there was neither a detectable effect 
of anisomycin nor interaction of progesterone < anisomycin 
(Fig. 2). 


EXPERIMENT 3 


Because we were unable to extend the findings of Par- 
sons and McEwen [22] to our procedures, we attempted to 
confirm that the dose of anisomycin that we used caused 
inhibition of brain protein synthesis after estradiol benzoate 
injection. 


Procedure 


Sixteen ovariectomized rats were injected with 2 ug es- 
tradiol benzoate. Twenty-four hr later, they were injected 
with anisomycin or saline. Two hr or four hr after the 
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FIG. 2. Lordosis rating (+ SEM) and lordosis quotient (+ SEM) of 
ovariectomized rats injected with 2 wg estradiol benzoate followed 
24 hr later with propylene glycol vehicle and saline vehicle, 
propylene glycol vehicle and anisomycin, 2.5 mg progesterone and 
saline vehicle, or 2.5 mg progesterone and anisomycin. All rats were 
injected with 0.5 mg progesterone at 48 hr and tested for lordosis at 
54 hr. 


anisomycin injection, the rate of protein synthesis was esti- 
mated in hypothalamus-preoptic area and pituitary gland 
(n=4 per group). We used a (*H)leucine incorporation into 
trichloroacetic acid-precipitable protein technique as was 
used by Rainbow, Davis and McEwen [26] and Parsons, 
Rainbow, Pfaff and McEwen [24]. 

At the designated time, each rat was injected intraperito- 
neally with 25 uwCi (*H)leucine (Amersham, Arlington 
Heights, IL) dissolved in 0.2 ml saline. Fifteen minutes later, 
they were decapitated, the pooled hypothalamus-preoptic 
area and the pituitary gland were dissected and homogenized 
in 2 ml cold water. Each sample was homogenized for 5 sec 
at low speed with a Brinkmann Polytron tissue grinder 
equipped with a PT 7 probe. A 200 yl aliquot of the homoge- 
nate was taken for protein determination by the method of 
Bradford [7]. One-hundred-eighty-microliters of 60% TCA 
were added, and the samples were vortexed. After chilling 
on ice for 30 minutes, the samples were centrifuged at 48,000 
g for 10 min. One ml of the supernatant was transferred to a 
scintillation vial, 5 ml of Triton-X 100, toluene based scintil- 
lation fluid were added, and the samples were counted in a 
Packard Tri-Carb 300C scintillation spectrophotometer at an 
efficienty of 40%. The pellet was washed twice with 6% TCA 
with centrifugations for 10 min at 48,000 g. The pellet was 
dissolved overnight in 500 xl 1 N NaOH. An equal volume of 
1 N HCI was added, and a sample was taken and counted in 
the scintillation spectrophotometer as described. The rate of 
(*H)leucine incorporation was expessed as (dpm in the TCA 
insoluble fraction/dpm in the TCA soluble fraction) [24,26]. 


Results 


In the hypothalamus, (*H)leucine incorporation into 
TCA-precipitable protein was inhibited by 80% at both 2 hr 





TABLE 1 


ANISOMYCIN INHIBITION OF ((H)LEUCINE INCORPORATION INTO 
TRICHLOROACETIC ACID-PRECIPITABLE PROTEIN 





Percent 


Saline** Anisomycin** Inhibition* 





Hypothalamus- 
Preoptic Area 


2 hr 


4hr 


Pituitary 
2 hr 1.62 0.26 
(+0.20) (+0.11) 


4 hr 1.47 0.19 
(+0.21) (+0.11) 


84.13 
(+6.99) 


87.30 
(+7.71) 





*Mean (+SEM). 
+(dpm in TCA-precipitable fraction/dpm in TCA soluble fraction). 


and 4 hr, (6)=6.154, p<0.001; 1(6)=5.780, p<0.001, (Table 
1). In the pituitary, the rate was inhibited by 84% and 87%, at 
2 hr and 4 hr respectively, 1(6)=5.923, p<0.001; 1(6)=5.473, 
p<0.002. 


EXPERIMENT 4 


In Experiments | and 2, we were unable to extend Par- 
sons and McEwen’s findings that anisomycin inhibits 
progesterone’s sequential inhibition to further stimulation by 
itself. This suggests that whatever the mechanism by which 


anisomycin appears to overcome desensitization by 
progesterone, it does not seem to extend to our procedures. 
Therefore, in the present experiment we attempted to rep- 
licate the procedures of Parsons and McEwen [22] as closely 
as possible. However, several changes had to be made to the 
original protocol. Parsons and McEwen treated rats with 
silastic capsules of 10% estradiol for 3 days prior to treat- 
ment. Using the same strain and supplier of rats, this treat- 
ment results in high levels of progesterone-independent sex- 
ual behavior in 50-60% of our animals (Brown, unpublished 
observations). Therefore, we decreased the concentration of 
estradiol to 5% [15]. We also decreased the priming time 
from 72 hr to 45 hr. A longer priming period also results in 
progesterone-independent sexual behavior in our laboratory. 
We have found that rats bearing these silastic capsules of 
estradiol are still sexually receptive 24 hr after an injection of 
2.5 mg progesterone. Therefore, injections of the second 
dose of progesterone had to be delayed until 30 hr. 


Procedure 


Rats that had been ovariectomized 7 days earlier, and 
weighed 180-250 g were implanted with 5 mm silastic cap- 
sules containing 5% estradiol. Forty-five hr later, they were 
injected with 2.5 mg progesterone. Animals were injected 


BLAUSTEIN, BROWN AND READING 





Nm 


LORDOSIS RATING 











TIME AFTER PROGESTERONE (h) 





LORDOSIS QUOTIENT 











i 1 
24 30 34 
TIME AFTER PROGESTERONE (h) 





FIG. 3. Lordosis rating (+ SEM) and lordosis quotient (+ SEM) of 
ovariectomized rats implanted with 5% silastic capsules of estradiol 
followed 45 hr later by 2.5 mg progesterone + anisomycin (P - A), 
progesterone + saline vehicle (P - V), propylene glycol vehicle + 
anisomycin (V - A), or propylene glycol vehicle + saline vehicle (V - 
V). Rats were tested at 24 and 30 hr after progesterone, injected with 
0.5 mg progesterone and tested again 4 hr later. 


with either anisomycin or saline at both 3 and 9 hr later. At 
24 hr and 30 hr after the first progesterone injection, rats 
were tested for sexual behavior and injected with 0.5 mg 
progesterone immediately after the second test (75 hr after 
estradiol implant). Four hr later, they were tested again. 


Results 


At the time of the first test (24 hr), the progesterone- 
injected groups were still sexually receptive, F(1,27)=54.02, 
p<0.001. The delay in heat termination seen in this experi- 
ment compared with Experiment | may reflect the different 
levels of estradiol priming used in the two experiments 
[1,12]. Six hr later, the progesterone + saline group had 
decreased to approximately the level of the propylene 
glycol-injected control groups. However, the group that had 
received progesterone + anisomycin was still sexually re- 
ceptive compared with the progesterone + saline group, 
t(14)=2.36, p<0.05 (Fig. 3). 
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FIG. 4. Lordosis rating (+SEM) and lordosis quotient (+SEM) of 
ovariectomized rats implanted with 5% silastic capsules of estradiol 
followed 45 hr later by 2.5 mg progesterone and either anisomycin or 
saline. Rats were tested at 24 hr, 30 hr, 36 hr, and 51 hr after 
progesterone injection. 


Four hr after the second progesterone injection (34 hr) 
both propylene glycol-injected groups displayed high levels 
of lordosis, as did the animals that had been injected with 
progesterone and anisomycin. The animals that had received 
progesterone + saline vehicle showed low levels of sexual 
receptivity at that time. 

The presence of lordosis responses four hr after the sec- 
ond progesterone injection in the progesterone + anisomycin 
group, but not the progesterone + saline group does not 
indicate that protein synthesis inhibition blocked 
progesterone-desensitization. Rather, the progesterone + 
anisomycin group was still sexually receptive from the first 
progesterone injection at the time of the second progesterone 
injection. In fact, analysis of the change in the lordosis rating 
between the 30 hr and 34 hr test showed that the 
progesterone-injected groups did not respond to the second 
progesterone injection while the oil-treated groups did, 
F(1,27)=45.49, p<0.001. Furthermore, there was no signifi- 
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cant interaction between anisomycin and progesterone, 
F(1,27)=0.004. 


EXPERIMENT 5 


The results of Experiment 4 suggest that when 
anisomycin is injected 3 hr and 9 hr after the 2.5 mg injection 
of progesterone, rats display a delay in heat termination. 
Furthermore, rats treated in this way display high levels of 
sexual receptivity after a second injection of progesterone. It 
cannot be inferred that this sexual receptivity is in response 
to the second injection of progesterone because the rats were 
already sexually receptive at the time of the second 
progesterone injection. In Experiment 5, we examined 
further the apparent delay in the termination of sexual re- 
ceptivity in rats treated with both progesterone and 
anisomycin. 


Procedure 


Sixteen rats that had been ovariectomized for 10-12 days 
were implanted with silastic capsules of estradiol as in Ex- 
periment 4. Forty-five hr later, they were injected with 
progesterone (2.5 mg). Both three hr and nine hr later, they 
were injected with either anisomycin or the saline vehicle. 
They were tested for sexual behavior 24, 30, 34 and 51 hr 
after the progesterone injection to determine the extent of 
the prolongation of the period sexual receptivity. 


Results 


One way analysis of variance with repeated measures in- 
dicated a significant effect of anisomycin treatment. The two 
groups differed significantly at 24 hr, 7(14)=2.162, p<0.05 
(2-tailed test), at 30 hr, 1(14)=2.124, p<0.05 (1-tailed test), 
but not at 36 hr or 51 hr after the progesterone injection. 
However, even at 36 hr, 50% of the anisomycin injected rats 
were displaying lordosis ratings in excess of 2.0, whereas 
none of the saline-injected controls were. 


DISCUSSION 


We began this series of experiments to investigate further 
the findings of Parsons and McEwen [22] that injections of 
anisomycin inhibit progesterone’s desensitization effect by 
which rats do not respond to a second injection of 
progesterone a day after the first injection. In the first exper- 
iments, we attempted without success to extend their find- 
ings to our procedure of injecting 2 ug estradiol benzoate 
followed 24 hr later by 2.5 mg progesterone, a treatment 
which results in a failure of the rats to respond to a second 
dose of progesterone a day later. We have suggested previ- 
ously that this hyposensitivity is due to progesterone de- 
creasing the concentration of cytoplasmic progestin recep- 
tors such that an insufficient concentration of nuclear pro- 
gestin receptors results from the second progesterone injec- 
tion [1-3, 5, 27]. Parsons and McEwen’s results suggested 
that when anisomycin was injected around the time of the 
first progesterone injection, rats responded to the second 
injection a day later despite a low level of cytoplasmic pro- 
gestin receptors. In our experiments, an injection of 
anisomycin 3 hr after the first progesterone injection was 
without any apparent effect on progesterone’s desensitiza- 
tion effect. 

In subsequent experiments, we attempted to replicate the 
results of Parsons and McEwen in order to study this phe- 
nomenon that is of obvious importance to studies of the 
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mechanism of action of progesterone. We found that their 
procedures had to be modified somewhat in order to avoid 
progesterone-independent sexual behavior. Because we 
could not study progesterone-facilitated sexual behavior if 
the animals were sexually receptive in the absence of 
progesterone, we decreased the concentration of estradiol 
that was used in the implants, and implanted them 45 hr prior 
to first injection. Furthermore, we found that 2.5 mg 
progesterone facilitated a period of sexual receptivity that 
ended between 24 and 30 hr after injection. We chose to wait 
until the period of sexual receptivity had terminated in the 
control group before attempting to facilitate a second 
episode of sexual receptivity. Using these procedures, which 
are similar, but not identical to those of Parsons and McEwen 
[22], we found that two injections of anisomycin 3 and 9 hr 
after the 2.5 mg injection of progesterone delayed dramat- 
ically the termination of sexual receptivity. If the rats are 
sexually receptive at the time of the second progesterone 
injection, then it cannot be said that these animals are re- 
sponding to that injection. 

These experiments raise an interesting point that is rele- 
vant to the study of progesterone’s mechanisms of facilita- 
tion and desensitization. In many studies, as in Parsons and 
McEwen’s, animals are tested after progesterone injection. 
If animals display sexual behavior, it is often assumed that 
the animals are responding to the progesterone. However, it 
cannot be said with certainty that the animals are responding 
to the progesterone, unless it is shown that the animals 
would not have been sexually receptive in the absence of the 
progesterone injection. For example, in Fig. 3, if the rats had 
been tested only at 34 hr, the erroneous conclusion could 
have been made that anisomycin blocked progesterone’s de- 
sensitization effect. However, when one looks at the com- 
plete picture, it is obvious that the anisomycin + 
progesterone treated rats were already sexually receptive at 
the time of the progesterone injection. The results of Exper- 
iment 5 support the interpretation in that the termination of 
sexual receptivity is delayed by the anisomycin injections. 

The design used by Parsons and McEwen [22] is similar to 
that of a previous study on progesterone inhibition in which 
intracranial administration of cycloheximide caused an ap- 
parent increase in the percentage of guinea pigs displaying 
lordosis after a second progesterone injection [30]. This ex- 
periment is difficult to interpret because latencies to first 
lordosis were omitted in the data presentation. It is not 
known if inhibition of protein synthesis delayed heat termi- 
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nation in Wallen, Goldfoot, Joslyn and and Paris’s [30] ex- 
periment as in the present experiments. It should also be 
noted that in a similar experiment in rats [28], the RNA 
synthesis inhibitor actinomycin-D had no effect on 
progesterone-desensitization when infused into the third 
ventricle. 

Finally, Parsons and McEwen have stated that 
progesterone’s desensitization effect is not causally related 
to a decreased concentration of cytoplasmic progestin recep- 
tors in the hypothalamus [22]. However, if in their experi- 
ment, as in the present experiment, rats were sexually re- 
ceptive at the time of the second progesterone injection, then 
the concentration of cytoplasmic progestin receptors would 
be of little importance. Furthermore, these investigators also 
found a low level of cytoplasmic progestin receptors in rats 
treated with oil and anisomycin. When animals with this 
treatment were tested after progesterone injection, they dis- 
played high levels of lordosis. Unfortunately, it is not possi- 
ble to determine if the cytoplasmic progestin receptor levels 
in this group were elevated above baseline since there was 
no nonhormonally treated control group in this study. 

It cannot be concluded from these experiments that 
anisomycin prolongs heat duration. Because anisomycin also 
delays onset of progesterone-facilitated lordosis, it is possi- 
ble that anisomycin delays heat termination by an action 
similar to that by which sodium pentobarbital delays heat 
termination in guinea pigs. That is, latency to heat and heat 
termination are delayed, but heat duration remains constant 
[29]. 

These experiments leave unanswered the question of how 
anisomycin delays heat termination. There are several 
possible explanations for this phenomenon. Anisomycin 
could inhibit the process by which the concentration of nu- 
clear progestin receptors decreases to control values at 
about the time of heat termination [1,5]. Alternatively, 
anisomycin might inhibit the synthesis of a polypeptide or 
protein involved in termination of heat. Finally, heat termi- 
nation might be delayed by progesterone release from the 
adrenal glands. 
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HART, R. P. ANDG. D. COOVER. Plasma corticosterone and free fatty acid responses and positive behavioral contrast. 
PHYSIOL. BEHAV. 29(3) 483-488, 1982.—Corticosterone and free fatty acid (FFA) responses during water-reinforced 
operant sessions were examined in rats subjected to reinforcement schedule shifts which may elicit frustration-induced 
arousal reactions. Rats were trained on a multiple VI VI-30 sec schedule that was subsequently changed to a multiple VI 
EXT or multiple VI VI-60 sec schedule. The rats shifted to the multiple VI EXT schedule developed positive behavioral 
contrast. The corticosterone levels of both groups were elevated by the first postshift session, in which the frequency of 
reinforcement was halved, but returned to preshift levels by the 8th postshift session, which preceded discriminative 
performance in the Contrast group. The FFA levels of both groups were elevated by the Multiple VI V1I-30 sessions 
(compared to presession basal levels), but the response decreased with the halving of the reinforcement rate. The present 
findings were interpreted as evidence that the psychological variables associated with the acquired emotional state of 
frustration influence the blood concentration of corticosterone, but not FFA. The findings are consistent with such 
explanations of positive behavioral contrast as positive induction or release-from-inhibition. No evidence was found for a 
direct energizing effect of frustration to account for positive contrast. 


Corticosterone Free fatty acids 


Behavioral contrast 


CONTRAST effects refer to a set of phenomena charac- 
terized by the interaction of a given condition of reinforce- 
ment and previous (successive contrast procedures) or con- 
temporary (simultaneous contrast procedures) conditions of 
reinforcement [14]. Positive behavioral contrast has been 
defined as the enhancement of performance to S, when rein- 
forcement signaled by S, is less favorable than that signaled 
by S, [21]. The present study employs a simultaneous con- 
trast procedure with free-operant responding and a within- 
subject design. In this paradigm the conditions of reinforce- 
ment associated with one component (S,, S—) of a multiple 
schedule are changed, and the rate of responding during the 
constant component (S,, S+) is compared to the previous 
base-line rate. Positive contrast refers to the increased rate 
of responding in the unchanged component relative to the 
base-line rate [21,26] and has been obtained with the elimi- 
nation of reinforcement [13, 18, 26] or decrease in its 
probability [22], the occurrence of shock [6,29], and the re- 
quirement for paced responding [29,32] during S,. 





The variety of S, changes associated with the develop- 
ment of positive contrast have been described as *‘a change 
for the worse”’ [21], ‘‘less preferred’’ [24], ‘‘less favorable” 
[21], and ‘‘aversive’’ [24,30]. Such descriptions of the 
methods for producing positive contrast effects seem to 
provide a strong clue as to the cause of positive contrast. 
That is, the method involves a procedural change that is 
discriminated by the subject, and the increased response 
rates in the unchanged component are mediated by the 
sequelae of this perception and/or, its emotional conse- 
quences. 

Reynolds [26] emphasized the perceptual adjustment and 
suggested that increased S, rates occur as a response to the 
perception of an increase in the relative frequency of rein- 
forcement during S,. Analogies drawn between positive be- 
havioral contrast in the multiple schedule situation and post- 
inhibitory rebound [23] or Pavlovian positive induction 
[14,33] also imply the importance of perceptual factors. Two 
explanations center on the role of emotionality, i.e. frustra- 
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tion. The first of these ascribes the increased responding to 
the energizing effect [1,2] of primary frustration engendered 
by the change in S, [27]. Bloomfield [4] proposes that this 
frustration may be conditioned to S, and generalize to S,, 
and thereby produce positive contrast via its energizing ef- 
fect. Alternatively, the increased response rates have been 
ascribed to the release from inhibition [21] or ‘‘after effect’ 
of conditioned inhibition [30] which is based on frustration 
engendered by the change in S,. This latter explanation is not 
unlike that previously described [14, 23, 33] suggesting a 
process analogous to Pavlovian positive induction. 

The present study examines plasma corticosterone and 
FFA levels following shifts from a multiple VI VI-30 
schedule to a multiple VI EXT or a multiple VI VI-60 
schedule with 2 objectives: (1) to extend findings on cortico- 
sterone and FFA as physiological measures of emotional re- 
actions and indices of such hypothetical emotional states as 
frustration (2) to help clarify the role of emotional and per- 
ceptual factors in the development of positive behavior con- 
trast. Conditioned fear has been shown to elevate plasma 
corticosterone in rats [5,11]. Elevations in plasma concen- 
tration of corticosterone have been shown to follow 
presumably frustrating shifts in reinforcement schedules that 
eliminate reinforcement, reduce its frequency on a fixed 
ratio schedule or delay its occurrence [8, 9, 16, 20, 25]. Cor- 
ticosterone is proposed to be a measure of emotionality and 
more specifically, to be sensitive to emotional responses to a 
decrease in the frequency of expected reward which may 
underlie the development of positive behavioral contrast. 
Stimulus change per se does not appear to be the critical 
variable producing elevations in corticosterone. An increase 
in the frequency of expected reward such as a variable inter- 
val to continuous reinforcement schedule shift can produce a 
decline in corticosterone [16]. No data are available regard- 
ing the influence of psychological variables on the plasma 
concentration of FFA in paradigms involving hypothetical 
emotional states such as frustration and conditioned fear. A 
few studies, however, have reported elevations in the blood 
concentration of FFA in rats following milder forms of stress 
or disturbance not involving painful stimulation [3, 12, 19, 
31). 

The development of positive behavioral contrast in the 
paradigm employed in the present study is presumably 
mediated by perceived changes in reinforcement frequency 
and/or availability, and/or the emotional consequences of 
such perceived change. Corticosterone and FFA levels were 
examined in both treatment groups immediately following 
the schedule shift and over subsequent sessions during 
which discrimination learning took place in the Contrast 
group. While the Control group experienced a similar post- 
shift decrease in reinforcement frequency only the Contrast 
group had to discriminate S” vs S* stimulus components 
signalling stimulus availability vs nonavailability. The pres- 
ent study hopes to clarify the nature of any emotional re- 
sponses accompanying perceived changes in reinforcement 
frequency and/or availability and thus the role of emotional- 
ity in the development of positive behavioral contrast in the 
Multiple VI EXT group. 


METHOD 
Subjects 


The subjects (N=28) were experimentally naive male 
hooded rats of the Long-Evans strain, bred and maintained 
by the Department of Psychology, Northern Illinois Univer- 
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sity. The rats were 85-90 days of age at the start of the 
experiment, when they were housed individually in plastic 
cages (Lab Products) with wood chip bedding (Ab-sorb-dri). 
They were maintained in a room kept at 20-22°C with light 
onset at 7 a.m., and offset at 7 p.m. 


Apparatus 


Four operant chambers, interfaced with a PDP8/f digital 
computer (Digital Equipment Corporation) were used. The 
inside dimensions of the operant chambers (Lehigh Valley 
Electronics, model no. 143-29) were 30x 25 x27 cm. Stimulus 
lamps (two 3 W-125 V white lights) were positioned sym- 
metrically on the 25-cm wall that contained the operant level 
and the water dipper, 10.0 cm above the grid floor and 4.5 cm 
from the side walls. One of the stimulus lamps that was used 
was located 5.5 cm above the operant lever, which was lo- 
cated in the corner of the box 4.5 cm from the side wall and 
4.5 cm above the grid floor. The dipper, located in the middle 
of the wall that contained the lever, was 1.5 cm above the 
grid floor and delivered 0.1 ml of water. A house light (3 
W-125 V white light) was located in the middle of the wall 
containing the two stimulus lamps, 12.5 mm from the top. 
Each operant chamber was enclosed within a sound- 
attenuating outer chamber (Lehigh Valley Electronics, 
model no. 132-02) equipped with a small fan to provide venti- 
lation. 


Procedure 


Subjects were first deprived of water for 36 hr and then 
shaped manually to lever press. Each subject was allowed to 
lever press for 15 min on a CRF schedule on the day it was 
shaped and again on the following day. Water was available 
to all animals for 15 min in their home cages after these 
sessions. 

Following lever-press training all subjects were given a 
series of daily 30-min operant sessions. All subjects were 
trained on a multiple VI-30 sec VI-30 sec (MULT VI VI-30) 
schedule of reinforcement until response rates stabilized and 
presession blood samples had been obtained for determina- 
tion of corticosterone and FFA concentrations. In order to 
facilitate the transition to this schedule subjects were first 
given two sessions of MULT CRF CRF and two sessions of 
MULT VI VI-15. Following 32 MULT VI VI-30 sessions 
subjects were divided into two treatment groups, equated for 
MULT VI VI-30 response rates. One group (Contrast group) 
was shifted to a MULT VI EXT schedule of reinforcement, 
the other (Control group) to a MULT VI VI-60 schedule of 
reinforcement. Subjects remained on these schedules of rein- 
forcement for 30 sessions. Throughout the experiment sub- 
jects were run in groups of four and the order in which the 
groups were run was rotated each day. Water was available 
to all animals for 15 min daily, approximately '/2-3'/2 hr after 
the completion of an operant session, or for 30 min on days 
when they were not run. The animals had free access to food 
except during the 30-min session in the operant chamber. 

The multiple schedules were composed of 30 randomly 
alternating stimulus components of 1-min duration distin- 
guished by cue lights being on or off. Stimulus components 
were randomly alternated so that there were 5 light-on and 5 
light-off components within each successive group of 10 
components without more than 3 successive components of 
the same type (light-on or light-off). The house light for each 
box was covered with red cellophane after 18 MULT VI 
VI-30 sessions to provide easier discrimination between 
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light-on and light-off components. Eight interreinforcement 
intervals (IRIs), ranging from 2 to 40 sec during the VI-15 
schedule, from 4 to 81 sec during the VI-30 schedule, and 
from 8 to 162 sec during the VI-60 schedule, were presented 
independently of the two stimulus components. These IRI’s 
were obtained by a formula provided by Catania and Reyn- 
olds [7] for VI intervals designed to produce a constant 
probability of reinforcement. After the MULT VI VI-30 
training sessions half of the subjects of the MULT VI EXT 
group had the light-on component changed to extinction, and 
the other half had the light-off component changed to extinc- 
tion. 

Presession and 25-min postsession blood samples of cor- 
ticosterone and FFA were taken on Days 24 and 28 of 
MULT VI VI-30 training after response rates had stabilized, 
using a counterbalanced repeated design. During MULT VI 
EXT and MULT VI VI-60 blood samples were taken from all 
subjects after 25 min of the Ist, 4th, 8th, 15th, 22nd and 30th 
session. An intravenous blood sample from the jugular vein 
was taken within 1.5—1.8 min from the time the animal was 
first picked up from its home cage (presession basal) or from 
the operant chambers (postsession values). Each animal was 
placed in a jar with ether-soaked cotton for 50-60 sec after 
which the jugular vein was exposed and blood was drawn 
into a heparinized syringe within another 30-45 sec. The 
wound was closed with wound clips and the subject returned 
to its home cage in a waiting area. The subjects were not 
returned to their living quarters until all subjects were tested 
on that day. The plasma was transferred to stoppered poly- 
ethylene tubes and stored frozen until assay. Plasma corti- 
costerone concentrations were determined by a modification 
[10] of the fluorometric micromethod of Glick, von Redlich 
and Levine [15]. Plasma free fatty acid (FFA) concentrations 
were determined by the colorimetric micromethod of Soloni 
and Sardina [28]. 


Data Analysis 


Separate analyses of the response rates, corticosterone 
concentrations, and FFA concentrations were performed by 
multivariate analysis of variance methods. The effects of the 
repeated measures variables Sessions, Stimulus Condition 
(light-on vs light-off), and Reinforcement Condition (S° vs 
S*) were examined by analyzing appropriate difference 
scores. Postshift Treatment (MULT VI EXT vs MULT VI 
VI-60) and S” Assignment (S°=light on vs S°=light off for 
the MULT VI EXT group) were between subjects factors. 


RESULTS 


Operant Behavior 


Figure 1 presents the mean response rates of the two 
Treatment groups for five-session blocks preceding (Blocks 
1 and 2) and following (Blocks 3 to 8) the shift from MULT 
VI VI-30. Statistical analysis confirmed the general story 
suggested by the figure. The MULT VI VI-60 group de- 
creased responding to a new steady rate at the shift. The 
MULT VI EXT group exhibited higher response rates to S” 
than to S* by Block 5 (the third postshift block of five ses- 
sions) and higher response rates to S” following the shift 
compared to preceding the shift (positive behavioral con- 
trast) by Block 6. 

The differential discriminitive reaction to the light stimuli 
of the Treatment groups following the shift was confirmed by 
multivariate analysis of postshift block differences in rates of 
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FIG. 1. Mean response rate (presses/min) during S, and S,, or S? and 
S* components. Group means were calculated over blocks of five 
sessions and are presented for the final two blocks of MULT VI 
VI-30 and the six blocks of MULT VI EXT or MULT VI VI-60. 


responding to the two stimuli (i.e., S,-S,., or S°-S*), 
F(5,22)=13.3, p<0.001. This overall effect, interpretable as a 
triple interaction of Treatment x Condition (S, vs S,, or S” 
vs S*) x Session, was pursued by separate analyses of the 
two Treatment groups. For the MULT VI EXT group a sig- 
nificant multivariate test of differences in S? and S* response 
rates for the six postshift blocks, F(6,7)=8.94, p<0.01, was 
associated with higher response rate to S* during the first 
postshift block (p<0.002), and higher response rates to S” 
during Blocks 5 through 8 (p’s<0.007). This multivariate 
analysis incorporated the between-subjects factor of S” As- 
signment (light on for half the subjects, light off for the other 
half), and indicated no effect of the stimulus assignment. 

Separate analyses of the preshift data (Blocks | and 2) 
indicated no significant differences in response rates (a) be- 
tween the Treatment groups prior to the shift, (b) between 
components (light on and light off), (c) between Block | and 
Block 2, or (d) between the MULT VI EXT subjects subse- 
quently shifted to S?=light on and those shifted to S°=light 
off. A separate analysis of changes in response rates from 
Block 2 (preshift) to Block 3 (first postshift block) yielded a 
significant main effect, F(1,26)=30.1, »<0.001, attributable 
to a decrease in response rates by the MULT VI VI-60 group 
and a decrease in responding to S? by the MULT VI EXT 
group (see Fig. 1, and report above regarding greater S* 
responding than S” responding during Block 3). Finally, to 
directly test for the occurrence of positive behavioral con- 
trast in the MULT VI EXT group, a multivariate analysis 
was performed on changes in S” rates from Block 2 through 
Block 8, F(6,7)=15.1, p<0.002. Simple comparisons be- 
tween blocks indicated that rates were higher for Block 5 
than for Block 4, and higher for Block 6 than for Block §5, 
p’s<0.003. By Block 6, the S” response rate was higher than 
for Block 2, F(1,12)=8.95, p<0.012 (for Block 7 compared to 
Block 2, F(1,12)=10.6, p<0.007), so positive behavioral con- 
trast did occur. 
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FIG. 2. Mean values of plasma corticosterone for the MULT VI 
EXT and MULT VI VI-60 treatment subjects. Basal samples were 
taken both before a session (Pre) and 25 min after the initiation of a 
MULT VI VI-30 session (Post) in a counterbalanced order for two 
separate groups of subjects. The basal samples were taken at Ses- 
sions 24 and 28 of MULT VI VI-30 training after response rates had 
stabilized. Postshift samples were taken at 25 min after the initiation 
of the Ist, 4th, 8th, 15th, 22nd and 30th MULT VI VI-60 or MULT 
VI EXT sessions for all subjects. The vertical bars represent the 
standard error for each mean. 


Corticosterone 


Figure 2 presents mean corticosterone values prior to 
(PRE) and following (POST) a preshift session, and the val- 
ues for postshift sessions 1, 4, 8, 15, 22, and 30 (S1, S4, S8, 
S15, S22, and $30) for both groups. The corticosterone val- 
ues were first analyzed statistically with a multivariate 
analysis of variance of the eight values in a two-factor, 
Treatment x Order, design. The analysis indicated that there 
was no effect of Treatment, F(8,17)=1.45, p>0.24, or Order, 
F(8,17)<1, and no Treatment x Order interaction, F(8,17), 
p>0.26. 

The hypothesis predicted by one theory accounting for 
positive contrast (energizing effect of primary frustration) 
would be that the corticosterone values of the MULT VI 
EXT group would be elevated compared to the values of the 
MULT VI VI-60 control group after several shift sessions at 
a time when the former group, but not the latter, exhibited 
positive behavioral contrast. Thus, the corticosterone values 
following MULT VI VI-30 (POST) and the six shift sessions, 
S1, S4, S8, S15, S22, and S30 were analyzed further with a 
more powerful design which also tested for an effect of Ses- 
sions. New variables were formed of the difference scores 
POST-S1, S4-S1, S15-S8, S22-S15, and $30-S22. The mul- 
tivariate analysis of these difference scores did not indicate a 
significant effect of the Treatment, F(6,19)=1.16, p>0.36, or 
Order, F(6,19)<1, thus confirming the results of the first 
analysis and indicating that there was not a significant di- 
vergence of the corticosterone values of the two Treatment 
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FIG. 3. Mean values of plasma free fatty acid for the MULT VI EXT 
and MULT VI VI-60 treatment subjects (see Fig. 2 caption). 
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groups over shift sessions. The multivariate analysis did 
show that the difference scores were nonzero, ignoring the 
Treatment and Order factors, F(6,19)=3.00, p<0.032, indi- 
cating that there was an effect of Sessions on corticosterone 
values. There was a significant increase in plasma corticoste- 
rone levels from POST to S1 (p<0.007), followed by a de- 
crease (for S4 to S8, p<0.03). Additionally, a univariate 
analysis indicated that there was no difference between PRE 
and POST basal corticosterone values, F(1,24)=1.17, 
p>0.28. 


Free Fatty Acid 


Figure 3 presents mean free-fatty acid values for PRE and 
POST basal samples, and values for S1, $4, S8, S15, S22, 
and $30, for both groups. A multivariate analysis of variance 
of the eight free-fatty acid values in a two-factor, Treatment 
x Order, design indicated that there was no effect of Treat- 
ment, F(8,17)<1, Order, F(8,17)<1, and no Treatment x 
Order interaction, F(8,17)<1. Free-fatty acid values were 
analyzed further to test for an effect of Sessions. New vari- 
ables were formed of the difference scores POST-PRE, 
POST-S1, S4-S1, S8-S4, S$15-S8, S22-S15, and S30-S22. The 
multivariate analysis of these difference scores did not indi- 
cate an effect of the Treatment or Order factor, thus confirm- 
ing the results of the first analysis. This analysis did indicate, 
however, that the difference scores were nonzero, ignoring 
the Treatment and Order factors, F(7,18)=17.34, p<0.001. 
There was a significant increase in plasma free-fatty acid 
levels from PRE to POST (p<0.001), and significant de- 
creases from POST to S1 (p<0.001), from S4 to S8 (p<0.02) 
and from S8 to Si5 (p<0.002). 


DISCUSSION 


Corticosterone elevations were found to occur following 
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the first postshift session in which the frequency of rein- 
forcement was halved. This is consistent with the findings of 
Goldman et al. [16] who found that a shift from an FR-20 to 
FR-40 reinforcement schedule produced a significant in- 
crease in plasma corticosterone, interpreted as the result of 
frustrative arousal elicited by the reduction in reinforcement. 
The present study further demonstrates that the corticoste- 
rone elevation elicited by reduction in reinforcement 
habituates; there was clearly no elevation in corticosterone 
during the 8th and subsequent sessions. 

The higher S* response rates compared to S” response 
rates in the MULT VI EXT group during the first postshift 
block of sessions may be ascribed to the initial energizing 
effect of frustration as elaborated by Amsel [1,2]. This frus- 
trative arousal was reflected in elevated corticosterone fol- 
lowing the first postshift session, as noted. Positive behav- 
ioral contrast developed in the MULT VI EXT group after 
the corticosterone response habituated. Discriminative per- 
formance developed during the third postshift block of ses- 
sions (Block 5), but was not accompanied by corticosterone 
elevations. Corticosterone levels, therefore, did not differ- 
entiate the MULT VI EXT (Contrast) group from the MULT 
VI VI-60 (Control) group. 

Increases in the blood concentration of FFA have been 
shown in response to mild, nonpainful stimulation [3, 12, 19, 
31]. In the present study FFA levels, unlike corticosterone 
levels, were elevated above presession basal levels following 
reinforcement on a VI-30 sec schedule. FFA elevation may 
reflect increased motor activity and/or general arousal during 
operant lever-press sessions. The decline in postsession 
FFA from POST to S, was associated with a decline in re- 
sponse rates. However, the decline from S4 to S15 was not. 
Perhaps there is a discriminatory process not reflected in the 
response rates that accounts for the long-term decline, such 
as a discrimination that the total amount of reward has been 
decreased by the shift. Better adaptation to the lower fre- 
quency of reward may have been reflected by a gradual 
change in the interreinforcement response patterns (particu- 
larly on the longer intervals) associated with the new 
schedule of reinforcement. It seems unlikely, however, that 
declining FFA levels reflect further adaptation to the operant 
lever-press situation per se. Finally, changes in FFA levels 
did not accompany discriminative performance and the de- 
velopment of positive behavioral contrast in the MULT VI 
EXT group. 

The present findings suggest the influence of one psycho- 
logical variable, the acquired emotional state of frustration, 
on the blood concentration of corticosterone, but not FFA. 
That is, corticosterone appears to provide an index of the 
hypothetical emotional state of frustrative arousal as induced 
by the reduction in frequency of expected reinforcement. 
This is consistent with data from a related study [17] which 
demonstrated corticosterone responses, but not FFA re- 
sponses, to presumably frustrating shifts in reinforcement 
schedules that eliminated reinforcement and with other 
studies which have demonstrated corticosterone responses 
to a number of presumably frustrating shifts in reinforcement 
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schedules (e.g., [16]). The FFA elevations following milder 
forms of stress than footshock or immobilization (e.g., [31]) 
may reflect the influence of nonspecific psychological vari- 
ables on the animal’s general level of arousal. 

The behavioral data are consistent with such explanations 
of positive behavioral contrast as post-inhibitory rebound 
[23], Pavlovian positive induction [14,33], release from inhi- 
bition [21] or ‘‘after-effect’’ of conditioned inhibition [30]. 
Positive behavioral contrast developed after an overall de- 
crease in postshift response rate prior to discrimination 
learning and after S* rates had decreased 27.2% (Block 5) to 
42.5% (Block 6). Positive contrast in the MULT VI EXT 
group may have been the result of a release from inhibition at 
each S? onset after the discrimination had developed. 

Measurement of plasma corticosterone and the inclusion 
of the Control group were intended to help clarify the role of 
emotional and perceptual factors in the development of pos- 
itive behavioral contrast. Corticosterone elevations elicited 
by the reduction in reinforcement habituated prior to dis- 
criminative performance and increased S” response rates. 
While discrimination of reinforcement availability (S° vs S* 
components) is important for the development of positive 
behavioral contrast we found no evidence that the immediate 
emotional consequence of such perceived change, as meas- 
ured by corticosterone, plays a direct role. That is, the in- 
creased response rates do not appear to be attributable to a 
direct energizing effect of frustration [27]. 

The alternative explanation of positive contrast focusing 
on the role of emotionality is that the increased response rate 
during S® is a function of a release from inhibition which is 
based on frustration elicited by nonreinforcement [21,30]. In 
the present study the Control group as well as the Contrast 
group showed an elevation in corticosterone during the first 
postshift session and an overall decrease in response rates 
during the first postshift Block. This suggests that frustrative 
arousal which may underlie the development of response 
inhibition would not be a response to nonreinforcement dur- 
ing S* [21,30], but rather a response to the initial overall 
reduction in reinforcement prior to the development of S” vs 
S* discrimination. 

However, frustrative arousal, as indexed by the elevated 
corticosterone levels following the first postshift session, 
may be unrelated to the subsequent development of positive 
contrast. That is, the emotional consequence of perceived 
change in reinforcement frequency may or may not be im- 
portant in the subsequent development of positive behav- 
ioral contrast. Frustration would not appear to underlie the 
inhibitory processes associated with each of the conditions 
during S, described in the literature. Shock or DRL 
schedule, for example, may induce responses that actively 
inhibit the conditioned response. Withdrawal of the stimuli 
for shock or DRL responding would release inhibition that is 
inductive of positive contrast as would withdrawal of frus- 
trative stimuli. A general theory which may account for all 
these data may be that an inductive process underlies these 
positive contrast effects. 
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NUMAN, R., C. WARD AND J. CLARK. Septal lesions and active avoidance performance in rats: Effects of differential 
intrabox cues. PHYSIOL. BEHAV. 29(3) 489-493, 1982.—In two separate experiments, male rats received septal lesions 
and were compared to operated controls on the acquisition of a two-way active avoidance task. In both experiments, an 
automated active avoidance apparatus (Lafayette Instrument Co.) was used, and the animals were tested 10 trials each day, 
6 days/week. The CS was a tone, and the US was a 0.7 mA shock; the CS-US interval was 7 seconds. In Experiment 1, the 
rats (N=6/group) were tested under conventional conditions. The two compartments of the avoidance apparatus were 
identical in all respects. In Experiment 2, the rats (N=6/group) were tested in the same apparatus, but with differential 
intrabox cues. The inside of the left compartment was lined with black contact paper, while the inside of the right 
compartment was lined with white contact paper. Irrespective of the conditions, the septal rats were facilitated in the 
acquisition of shuttle-avoidance. In both tasks, the septal subjects required fewer trials to reach criterion, and showed 
better orientation in the shuttle-box compared to controls. The response latencies of the septal subjects also tended to be 
faster, but neither septal nor control subjects showed differential response latencies related to the direction of the shuttle 
response. Previous findings have shown that the addition of external cues to purported spatial tasks can reduce the 
behavioral effects produced by damage to the septohippocampal axis on such tasks. The present results suggest that such a 


cue-addition procedure does not influence the behavioral effects produced by septal lesions in shuttle-avoidance. 


Septal lesions Cue effects Two-way avoidance 


Rats 





RECENT research has suggested that damage to the septo- 
hippocampal system disrupts spatial learning in rats [3, 17, 
22, 23] (By spatial learning we mean the learning about 
places, within an apparatus, where the places are not clearly 
distinguished from each other by intra-apparatus cues.). It is 
also well known that septal lesions facilitate the acquisition 
of two-way active avoidance by rats [6, 19, 29], but the na- 
ture of this effect has remained illusive. Recently, however, 
there has been some speculation that this facilitation of 
active avoidance can also be explained in terms of a septal 
lesion induced deficit in spatial learning [1, 14, 20]. This view 
suggests, at least in part, that septal lesions lead to facilitated 
shuttle-box performance because the subject is ‘‘unaware’’ 
of returning to a ‘‘dangerous place.’’ Thus, the conflict in- 
herent in the two-way task would be reduced, and perform- 
ance would be facilitated. In an attempt to shed light on this 
view, the current investigation assessed the effects of septal 
lesions on avoidance performance in shuttle-boxes without 
differential intrabox cues (henceforth referred to as the non- 
cued task) and with differential intrabox cues (henceforth 
referred to as the cued task). If septal lesions disrupt spatial 
learning, and if such a deficit underlies the facilitation in 
avoidance performance, then this facilitation may be re- 





duced in the cued task because the septal subjects will now 
be provided with differential cues related to ‘dangerous 
places.’’ Such an argument is suggested by a number of 
studies showing that the addition of intrabox visual cues re- 
duces the deficit produced by lesions to the septo- 
hippocampal axis in a variety of instrumental tasks [2, 11, 21, 
30, 32, 33] which purportedly depend upon spatial strategies 
for their solution when intrabox cues are not available [3,22]. 

While there have been a few studies that have assessed 
the effects of septal lesions in rats on cued shuttle-box 
avoidance [4,12], they did not compare performance in both 
cued and non-cued tasks, and in these studies, the cued 
situation was potentially contaminated by other variables 
(high vs. low shock in one of the studies [12] and punished vs 
unpunished intertrial responses in the other [4]). Therefore, 
the present study will be, to our knowledge, the first attempt 
to assess the effects of septal lesions on both cued and non- 
cued avoidance under otherwise identical testing conditions. 


METHOD 
Subjects 
Twenty-four male black-hooded rats of the Long Evans 


‘Requests for reprints should be addressed to Robert Numan, Department of Psychology, University of Santa Clara, Santa Clara, CA 95053. 
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strain were used. They were about 70 days of age and 
weighed between 238-288 g at the time of surgery. The 
animals were housed, individually, in solid bottom box-cages 
containing a contact bedding. Room temperature was main- 
tained at 23+1°C and house lighting was turned on at 0800 
hour and off at 1800 hour. All behavioral testing was carried 
out during the light phase of this cycle. Food and water were 
freely available in the home cages at all times. 


Surgery and Histology 


On the day of surgery, subjects were randomly assigned 
to experimental (septal lesion) and operated control groups. 
All surgery was carried out under clean conditions using 
Nembutal anesthesia (50 mg/kg). Septal lesions were 
produced by passing 2.0 mA anodal DC current for 20 sec 
bilaterally (0.5 mm lateral to the midline, 2 mm anterior to 
bregma, and 5.5 mm below dura) through the uninsulated tip 
of an otherwise insulated electrode (24 g stainless steel tub- 
ing). The upper incisor bar of the stereotaxic instrument 
(David Kopf) was positioned 5.0 mm above the interaural 
line. Control operations were identical, except that the elec- 
trode was lowered to a point just dorsal to the septum (3 mm 
below dura), and current was not passed through the elec- 
trode. Following surgery, all subjects received a 0.25 cc 
intramuscular injection of Combiotic, and were returned to 
their home cages where they were allowed a 10 day post- 
operative recovery period prior to the initiation of behavioral 
testing. During this postoperative recovery period, the 
animals were gently handled and weighed every other day. 

Following the completion of behavioral testing the 
animals received a lethal dose of Nembutal and were per- 
fused, intracardially, with normal saline followed by a 10% 
Formalin in saline solution and the brains were removed. 
Frozen sections were cut at 50 um through the extent of the 
lesions, and every third section was mounted and stained 
with cresyl violet. 


Apparatus 


An automated 2-way active avoidance apparatus 
(Lafayette Instrument Co., Lafayette, IN), housed in a dark 
room, was used. The CS was a Mallory sonalert (2,800 Hz 
tone) sounded in the shuttle-box compartment occupied by 
the rat. Simultaneous with tone onset, a guillotine door, 
separating the two shuttle-box compartments, was opened. 
The US was a 0.7 mA constant current shock charged 
through a relay shock scrambler. The CS-US interval was 7 
seconds, following which the CS and US overlapped for 60 
seconds. The intertrial interval was 60 seconds, and during 
this time the guillotine door was closed and intertrial re- 
sponses could not be made. 


Procedure 


Following the postoperative recovery period, all rats re- 
ceived 2 days of habituation to the shuttle-box. On each of 
these days, the rats were individually transferred from the 
animal room (located on the ground floor) to the room hous- 
ing the avoidance apparatus (located on the 2nd floor). One 
day | each rat was first placed in the left compartement of the 
shuttle-box for two minutes (guillotine door closed), then 
removed and placed in the right compartment for two min- 
utes. The rat was then returned to the animal room. The 
procedure was identical on day 2 with the exception that the 
first habituation trial was initiated in the right compartment. 
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During these habituation trials, neither CS nor US were pre- 
sented. 

On the day following habituation, active avoidance test- 
ing was begun. The rats were individually tested for 10 trials 
each day. The first trial was always initiated in the left 
shuttle-box compartment. The rat was not removed from the 
apparatus until the 10 trials were completed. Testing contin- 
ued 6 days each week until a criterion of 90% avoidance 
(within one 10-trial session) or 200 trials was attained. The 
rats were tested in the same order each day, alternating con- 
trol and septal subjects. 

Two separate experiments were conducted. In each, the 
procedures as described above were identical; the only 
difference was the presence or absence of intrabox cues. For 
each experiment, 12 rats were used; 6 received septal le- 
sions, and 6 served as operated controls. The rats employed 
in the second experiment were surgically prepared, as de- 
scribed above, approximately 9 months following the com- 
pletion of the first experiment; at this time, they were the 
same age (70 days old) as the rats employed in experiment | 
at the time of their surgery. For both experiments, the rats 
were received from the supplier (Simonsen Labs, Gilroy, 
CA) two weeks prior to surgical preparation. 

In Experiment 1, 12 rats were tested under conventional 
non-cued conditions; the two compartments of the shuttle- 
box were identical in all respects, and each compartment 
was diffusely illuminated by an overhead 6 W bulb. One-way 
mirrors prevented the rats from seeing out of the shuttle-box 
during the test trials (thus, the rats could not employ extra- 
box cues). It was expected that this non-cued condition 
would replicate the earlier findings of septal facilitation of 
two-way active avoidance. 

In Experiment 2, 12 additional rats were tested under 
cued conditions. Each compartment of the avoidance appa- 
ratus was made distinctively different. The inside of the left 
compartment was lined with black contact paper, while the 
inside of the right compartment was lined with white contact 
paper. In addition, the overhead lighting in the left (black) 
compartment was removed in this experiment. In all other 
respects, the apparatus and procedures were identical to 
those used in Experiment 1. It might be expected that the 
performance of the septal rats would normalize under these 
conditions; because of the salient intrabox cues, the septal 
rats should now be ‘‘aware’’ of returning to a place where 
shock was previously experienced. In regard to this place 
variable then, the conflict inherent in the two-way active 
avoidance task should be similar for both septal and control 
subjects. 


RESULTS 
Histology 


The septal lesions, for both experiments, were similar, 
accurate, and large. Most of the septum was destroyed 
throughout its rostrocaudal extent, with minimal damage to 
surrounding structures. Figure 1 shows the coronal recon- 
structions for the largest and smallest extent of the lesions. 
Histological analysis of the control brains revealed electrode 
tracks in the cortex, dorsal to the septum, with some damage 
to the corpus callosum. The septum was not damaged in 
these rats. 


Behavioral 


The results from the two experiments were separately 
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FIG. 1. Reconstructions of the smallest (horizontal lines) and largest 
(vertical lines) septal lesions. The sections were taken from the Pel- 
legrino and Cushman atlas [25]. The A-P coordinates from top to 
bottom are 6.2, 7.0, 7.8, 8.6, and 9.4, respectively. 


analyzed. Since Experiment 2 was carried out 9 months fol- 
lowing the completion of Experiment 1, a direct comparison 
between the absolute performance levels of the two experi- 
mental or control groups would not be appropriate. The re- 
sults of the two experiments were virtually identical. Septal 
lesions produced a clear-cut facilitation of active avoidance 
learning in both the conventional non-cued task, and in the 
cued task. Table 1 summarizes the results. In the conven- 
tional non-cued task, the controls averaged 110 trials before 
reaching criterion, while the septal rats required only 50 
trials. The difference was statistically significant, 


TABLE | 


TRIALS TO CRITERION AND SHUTTLE-BOX ORIENTATION IN 
NON-CUED AND CUED ACTIVE AVOIDANCE 





Percent of Trials Showing 
Correct Orientation 
During First Three Days 
of Acquisition 
(Mean + SEM) 


Trials to Criterion 
(Mean + SEM) 


Taskt Septal Control p* Septal Control  p* 





73.88 
+3.38 


54.00 
+ 3.84 


50.00 
+5.16 


110.00 
+10.65 0.01 


Non-cued 


43.88 
+6.70 


67.22 
+3.60 


45.00 
+ 13.10 


131.00 0.01 
+21.67 


Cued 





*Two-tailed f-test. 
*+Non-cued and cued refer to the absence or presence of differen- 
tial intrabox cues, respectively. 


t(10)=5.071, p<0.01. Similarly, in the cued task the controls 
averaged 131 trials before reaching criterion, and the septal 
rats required only 45 trials, (10)=3.423, p<0.01. Thus, the 
septal lesions facilitated active avoidance irrespective of the 
presence or absence of salient intrabox cues. 

We also analyzed the response latencies (escape and 
avoidance latencies were combined) for the first 3 days of 
avoidance acquisition in both non-cued and cued tasks. In 
the non-cued task, there were no latency differences. The 
mean overall latencies (7.11 sec, SEM 0.57 for septals; 8.08 
sec, SEM 0.22 for controls) did not significantly differ be- 
tween groups, #(10)=1.609, p>0.05. In contrast, in the cued 
task, the overall response latencies for the septal subjects 
(6.35 sec, SEM 0.27) were significantly faster, 7(10)=7.025, 
p<0.01, than for control subjects (8.68 sec, SEM 0.19). 
However, irrespective of cue or lesion condition, there were 
no within-group differences for response latencies in the 
left-right direction compared to the right-left direction. 

Lastly, we analyzed data for correct orientations in the 
shuttle-box during the first 3 days of acquisition in both 
non-cued and cued tasks. An animal was determined to be 
oriented in the correct direction when, at the time just prior 
to CS onset, the animal was facing in the direction of the 
guillotine door. Again, the septal subjects showed superior 
orientation compared to controls in both the cued and non- 
cued tasks. Table 1 summarizes the results. In the non-cued 
task the septals were correctly oriented on 73.88% of the 
trials during the first 3 days of acquisition; in contrast the 
controls were correctly oriented on only 54% of the trials, 
t(10)=3.890, p<0.01. In the cued task the results were simi- 
lar. The septals were correctly oriented on 67.22% of the 
trials, while the controls were correctly oriented on 43.88% 
of the trials, 7(10)=3.071, p<0.02. 


DISCUSSION 


The present findings clearly demonstrate that the addition 
of salient intrabox cues does not normalize the performance 
of septal subjects on two-way active avoidance. (We assume 
that the cues we provided were, in fact, salient because the 
differential cueing utilized was similar, or more extreme, 
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than those used in other studies that did show differential cue 
effects on behavior [8, 29, 30, 33]. These findings are in 
contrast to a number of studies that have shown that salient 
cues, similar to the ones employed here, can ameliorate the 
effects of damage to the septo-hippocampal axis in a variety 
of instrumental tasks [2, 11, 21, 30, 32, 33]. 

There are a number of alternative explanations for these 
findings. First, one can argue that performance in the two- 
way active avoidance task employed here is not strongly 
influenced by spatial factors. If this alternative is accepted, it 
would support a non-unitary functional analysis for the in- 
volvement of the septo-hippocampal system in various learn- 
ing paradigms. That is, while sub-units of this system may 
very well mediate spatial learning (e.g., maze learning), 
other components of this complex neural system [15, 21, 24, 
31] may mediate other aspects of behavior (e.g., conditioned 
emotional reactivity, neuroendocrine responsivity, response 
inhibition, etc.) which are critical for performance in 
avoidance and other learning paradigms. Our data lend some 
support to this point of view. In our data analysis, we did not 
Statistically compare the results across non-cued and cued 
conditions, as these were two independent experiments. 
However, for the purpose of discussion, we combined the 
data from the two experiments and carried out a two-factor 
analysis of variance. As supported by the results already 
discussed, there was a significant lesion effect for all re- 
sponse measures (trials to criterion, latency, and orienta- 
tion). However, irrespective of the response measure 
analyzed, neither the cue effect, nor the cue x lesion inter- 
action achieved significance. One might expect that if 
avoidance performance was strongly influenced by spatial 
factors, that the cue would have had some influence on per- 
formance, but this was not the case. These data contrast 
sharply with performance on maze tasks, that do seem to be 
dependent upon spatial strategies, and which are influenced 
by cue-addition [30, 32, 33]. This alternative, therefore, 
argues that separate neural systems in the septum mediate 
two-way avoidance learning, and spatial learning. This alter- 
native is further supported by the extensive neuro- 
anatomical-behavioral data which have shown that dif- 
ferent afferent and efferent pathways of the septum regulate 
different behavioral functions [5, 7, 13, 15, 18, 24, 26, 27, 28, 
31]. Complementing these findings, Donovick [9] found that 
only those medial septal lesions which disrupted the hip- 
pocampal theta rhythm also impaired spatial learning in rats; 
in contrast, there was no correlation between the presence or 
absence of theta and subsequent avoidance performance. 

A second alternative might suggest that two-way 
avoidance learning can be mediated by either place or cue 
strategies [3,22]. In the normal rat, acquisition is slow, 
perhaps because the place strategy dominates and conflict is 
high (the animal must return to a dangerous place). If this is 
the case, normal animals should show retarded acquisition in 
both non-cued and cued situations. (One might expect 
slower acquisition in the cued situation compared to the 
non-cued, because in the cued situation both cue and spatial 
factors should produce conflict. While our data did not 
achieve significance in this regard, there was a trend towards 
poorer performance for the normal animals in the cued situ- 
ation. Perhaps different procedures would have amplified 
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this trend; a report by Denny et al. [8], using massed trials, 
has shown acquisition of shuttle avoidance to be inferior in 
normal rats tested in heterogeneous black-white shuttle 
boxes when compared to normal rats tested in homogeneous 
shuttle boxes). In contrast, if one takes the position that 
septal lesions disrupt the ability to employ a place strategy, 
then the septal subject should rely on a cue strategy (orien- 
tation and guidance strategies [22] e.g., face door and run at 
sound of tone) during shuttle-avoidance acquisition. One 
might expect that such a cue strategy would lead to superior 
performance in the non-cued task compared to the cued task 
because in the cued task ‘‘dangerous places”’ are saliently 
marked, and conflict should be increased. This view, how- 
ever, may be too simplistic. The septal subject, employing a 
cue strategy may quickly learn to orient in the proper direc- 
tion in the shuttle box (this is supported by our data). The 
addition of salient apparatus cues may then have opposing 
effects. On the one hand, conflict may be enhanced as 
suggested above, but on the other hand, the cue-addition 
procedure may supply the septal damaged rat with more in- 
formation to employ for its cue strategy. These antagonistic 
effects may cancel each other out leaving no net effect of the 
cue-addition procedure on shuttle-box performance. 

A third alternative is suggested by a recent study by 
Herrmann et ai. [16]. In that study, rats with fornical or 
septal damage were impaired, compared to control subjects 
on a spatial-integration task (Maier 3-table reasoning task). It 
was found, however, that fornical animals, under some con- 
ditions, were able to use an external cue to solve this task. In 
contrast, septal animals could not employ the cue to suc- 
cessfully solve the problem. These results suggested [16] 
that, while both the septum and fornix-hippocampus may be 
involved in spatial learning, the mechanisms within these 
structures may mediate different types of spatial strategies 
since salient cues can improve the performance of the fornix 
damaged subject, but not the septal damaged subject. This 
alternative is countered, however, by the research already 
cited showing that salient external cues can ameliorate per- 
formance deficits produced by septal lesions in maze learn- 
ing [30], passive avoidance [2], and DRL [11]. However, this 
alternative is afforded some credibility by the present find- 
ings, and two additional recent papers [1,10] suggesting that 
external cues will not normalize the performance of septal 
damaged subjects on purported spatial tasks. 

It should be clear from the various alternatives just dis- 
cussed, that the assessment of the behavioral functions of 
the septo-hippocampal axis is going to be complex. Many 
other alternatives, in addition to those presented here, might 
also apply to the present and other experimental situations. 
(For example, in most studies, additional cueing has im- 
proved the performance of rats with damage to the septo- 
hippocampal axis on tasks in which they are deficient. This is 
in contrast to the present situation where the brain damaged 
animal shows superior performance in the non-cued task. 
This difference may be critical and certainly warrants further 
investigation.) We feel confident that future research will 
unravel these complexities, and that theory will guide re- 
search strategies without biasing the interpretation of the 
data. 
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BEYER, C., J. L. CONTRERAS, K. LARSSON, M. OLMEDO ANDG. MORALLI. Patterns of motor and seminal vesicle 
activities during copulation in the male rat. PHYSIOL. BEHAV. 29(3) 495-500, 1982.—The interaction between behav- 
ioral and visceral events during copulation was studied in nine intact adult male Wistar rats. The motor copulatory pattern 
was analyzed by an accelerometric technique and the seminal vesicle pressure (SVP) was recorded through a catheter 
chronically inserted into the right seminal vesicle. Mounting was associated with a small broad rise in SVP that often 
preceded the initiation of pelvic thrusting. Penile insertion resulted in a second sharp rise in SVP superimposed on the 
primary wave related to mounting. A steep rise in SVP occurred during the performance of the motor ejaculatory pattern after 
a variable period of intravaginal thrusting. This final rise was associated with ejaculation. Analysis of the temporal relation- 
ships between the SVP changes and copulatory behavior revealed that each of the three rises of SVP was related to distinct 
patterns of stimulation, suggesting that they were mediated by separate reflex arcs. 
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COPULATION in the male mammal is a highly integrated 
event comprising a series of behavioral and visceral 
phenomena. Some aspects of the behavioral coital pattern 
such as the durations of the intromissions and ejaculations 
have been calculated by allowing contact between the geni- 
tals of a copulating pair to close an electric circuit [8, 16, 18]. 
Moreover, the temporal characteristics and vigour of pelvic 
thrusting in copulating rats [6] and rabbits [7,9] have been 
analyzed by an accelerometric technique. 

Less attention has been given to the visceral components 
of male copulation, though basic information on penile re- 
flexes has been acquired from either restrained or spinal cord 
transected rats [12, 19, 20]. Moreover, changes in penile vas- 
culature and penile muscle activity have been recorded in 
actively copulating stallions [1], goats [2,3] and bulls [4]. On 
the other hand, the activity of the sexual accessories during 
copulation has only been analyzed in the rabbit [9]. In this 
species, ejaculation is associated with a large contraction of 
the seminal vesicles, coincident with the single intromission 
that characterizes copulation in the rabbit. Copulation in the 
rat is a more complicated event than in the rabbit, in that 
ejaculation is only achieved after a series of mounts and 
penile intromissions [13]. Therefore, we decided to simulta- 





neously analyze the motor copulatory pattern and the motil- 
ity of the seminal vesicle during copulation in this rodent. 


METHOD 


Nine adult sexually inexperienced Wistar male rats were 
used in this study. They were maintained at 23° under con- 
trolled dark-light cycle (10 hr dark—14 hr light), and fed with 
Purina and water ad lib. Males were tested for sexual activity 
twice per week by placing them in cylindrical observa- 
tion cages ('/is inch Plexiglas, 53 cm diameter, 42 cm 
high). After a five min adaptation period, the male was pre- 
sented with an estrous female. Stimulus females were treated 
with 5 wg estradiol benzoate (44 hr before testing) and 2 mg 
progesterone (4 hr before testing). The following behavioral 
variables were measured: 

(1) Mount: mount with pelvic thrusting but without vagi- 
nal penetration. 

(2) Mount latency: time from the entrance of the receptive 
female into the observation cage to the first mount. 

(3) Intromission: mount with vaginal penetration. 

(4) Intromission latency: time from the entrance of the 
receptive female into the observation cage to the first intro- 
mission. 
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TABLE | 


TEMPORAL CHARACTERISTICS OF THE MALE COPULATORY PATTERN IN 
INTACT WISTAR RATS 
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series 


Behavioral 
component 


Number of 
Subjects 


Thrusting frequency 
(movements per sec) 
mean + SD* 


Duration 
(msec) 
mean + SD* 
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21.40 + 0.72 
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*Mean of individual means + SD. 


(5) Ejaculatory latency: time from the first intromission to 
ejaculation. 

(6) Postejaculatory interval: time from ejaculation to the 
next intromission. 
Tests terminated when: (a) the intromission latency was >15 
min; or (b) the ejaculation latency was >30 min; or (c) the 
postejaculatory interval was >15 min; or (d) the rat had 
ejaculated twice and started a third copulatory series. 


Motor Pattern Recording 


The method for recording the electrical signals generated 
by pelvic movements during copulation has been described 
elsewhere [6, 7, 9]. The validity of this technique for measur- 
ing and timing accurately the various motor components of 
copulation has been established by direct observation and 
high speed cinemetography in previous work [9]. A cloth 
harness carrying a strain gauge transducer measuring maxi- 
mal acceleration in one plane (Grass SPA-1 accelerometer) 
was adjusted to the rat. The accelerometer was connected to 
a DC Grass preamplifier coupled to a Grass 7B polygraph. 
Amplification of the accelerometer output was maintained 
constant throughout the observations. The following charac- 
teristics of the pelvic thrusting copulatory pattern were 
analyzed: duration and frequency of pelvic thrusting, i.e., 
number of pelvic thrusts per second. Amplitude and duration 
of indidivual pelvic thrusts within mounting bouts were also 
analyzed. 


Seminal Vesicle Pressure Recording 


Silastic tubing (.030 inch ID, Dow Corning Cat. No. 602- 
175) was inserted into the right seminal vesicle of the Ss 
through a lateral incision of the body wall. It was tied to the 
vesicle and then passed under the skin into the back to a 
position in which it could not be pulled by the animal. At 
testing, the tubing was filled with saline and connected to a 
Statham pressure transducer (P 23AC). Pressure changes 
were recorded on a Grass polygraph (Model 7B). Additional 
information on the recording technique is provided 
elsewhere [9]. 


Statistical Procedures 


Analysis of variance and Student’s t-tests were made to 
compare means of individual performances. Differences 
were considered significant when p<0.05 (two-tailed test). 


RESULTS 


The motor copulatory pattern of the Wistar rat was char- 
acterized by analyzing 301 mounts, 101 intromissions and 23 
ejaculations executed by nine sexually inexperienced rats. 
For each male, mean values of duration and pelvic thrusting 
frequency were calculated for mounts, intromissions and 
ejaculations. Table 1 shows means of means of various pa- 
rameters analyzed. These values did not differ from those 
previously obtained in intact rats [6], thus showing that 
chronic cannulation of the seminal vesicles does not affect 
copulatory performance. Figures | to 5 show typical records 
of signals generated by the accelerometer during copulation. 
Mounts (M) can be recognized by their fusiform appearance: 
the amplitude of thrusting starts at a low level, increases 
during the mount, and decreases again toward the end of the 
mount (Figs. 1 to 3). The thrusting pattern shows a steady 
rhythm, though in some cases the last one or two pelvic 
thrusts are slightly longer in duration than the preceding 
ones. Figures | to 3 illustrate changes in the SVP during the 
mounting and intromission patterns. In a high proportion of 
cases a gradual rise in SVP was initiated a fraction of a 
second before pelvic thrusting. In 52% of the cases, mounts 
were associated with a single SVP wave that peaked before 
termination of thrusting (Figs. 1 and 2). The primary wave 
varied considerably in amplitude but always outlasted 
mounting (duration=0.757+0.241 sec, mean of means+SD). 
On the other hand, in one third of the mounts, two components 
could be recognized in the SVP rise (Fig. 3). The first compo- 
nent coincided with thrusting, while the second one started 
after thrusting, as the SVP was returning to the resting level 
(Fig. 3). The secondary wave was usually smaller in ampli- 
tude than the primary, but persisted longer (dura- 
tion=4.00+0.87 sec, mean of means+SD, 1¢(13)=10.17, 
p<0.001). 

The thrusting pattern of an intromission (I) is indistin- 
guishable from that of a mount in its initial part. Usually, 
insertion takes place after 4-8 thrusts (Figs. | and 2). Inser- 
tion is followed by several irregular waves associated with 
penile withdrawal and the rapid separation of the sexual 
partners (Figs. 1 and 2). No intravaginal thrusting occurs 
during intromission. Figures | and 2 show typical changes in 
SVP during intromission. As in the case of mounts, an in- 
crease in SVP occurs during pelvic thrusting, this rise being 
similar in shape and amplitude to that observed during the 
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FIG. 1. Characteristics of pelvic movements (PM) recorded with the accelerometer and seminal 
vesicles pressure (SVP) changes during a mount (M) and an intromission (1), performed by an adult 
Wistar rat. Note the fusiform appearance of the accelerometric record of the mount. Intromission is 
similar in appearance to mount until penile insertion is achieved. Note a small broad rise in SVP during 
the mount and the sharp increase in SVP coinciding with penile insertion. 
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FIG. 2. Accelerometric records of pelvic movements (PM) during a mount (M) and an Intromission (1) 
in a copulating male rat. In the upper tracing, the seminal vesicle pressure (SVP) change obtained 
during an intromission (dotted line) was drawn superimposed on SVP record obtained during the 
performance of a previous mount. Note that the primary response associated with mounting was 
similar in both motor patterns and that penile insertion appears to trigger a sharp brief rise superim- 


posed on the primary wave. 


mount pattern (Fig. 2). Coinciding with penile insertion, a 
further sharp rise in SVP occurred (Figs. | and 2). Thus, the 
increase in SVP during intromission consists of two compo- 
nents: a small, initial relatively gradual rise corresponding to 
thrusting, and a steeper rise associated with intromission 
itself. The total duration of the pressure rise tended to be 
longer for intromissions than for mounts (dura- 
tion=7.22+3.57 sec, vs 4.51+1.06 sec, mean of means+SD, 
t(12)=1.93, NS). 

Four successive phases were distinguished in the typical 
ejaculatory pattern (Fig. 4). During the first phase, which 
precedes penile insertion, vigorous thrusting produces high 
amplitude signals (Fig. 4, extravaginal thrusting, ET). The 


second brief phase, corresponding to penile insertion, is 
characterized by low amplitude signals (Fig. 4, I). During the 
third phase, repetitive intravaginal thrusting takes place and 
the signals may increase in amplitude again (Fig. 4, IT). The 
first three phases follow one another without interruption 
and probably culminate in the fourth phase (Fig. 4, E), dur- 
ing which most likely occurs seminal emission. This last 
phase is characterized by irregular pelvic movements previ- 
ous to penile withdrawal. Atypical ejaculatory motor pat- 
terns were observed in which no clear differentiation be- 
tween the extravaginal and the intravaginal thrusting phases 
were noted (Fig. 5). However, penile insertion could be de- 
tected by the abrupt change in the slope of the SVP curve 
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FIG. 3. Polygraphic record of pelvic movements (PM) and seminal vesicle pressure (SVP) changes 
occurring during a mount without intromission. Note the appearance of two components in SVP 
changes: a primary wave (1) coinciding with thrusting, and a secondary long lasting wave (2) starting 
after thrusting. MI and M2: maximum pressure levels achieved during the primary and secondary 
components. In this case, the secondary wave had a higher amplitude than the primary wave. 
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FIG. 4. Characteristics of pelvic movements (PM) and seminal vesicle pressure (SVP) changes during 
an ejaculation. Four different phases can be recognized in this motor pattern accompanied by succes- 
sive rises in SVP. Note the SVP rises during penile insertion (I) and intravaginal thrusting (IT). ET: 


extravaginal thrusting; E: seminal emission. 


(Fig. 5). This steep rise was invariably associated with inser- 
tion in typical ejaculatory patterns. Figures 4 and 5 show 
changes in SVP during ejaculation. As in the case of mount- 
ing and intromission patterns, a smooth gradual rise oc- 
curred during the initiation of mounting (Fig. 4, ET) followed 
by a change in the slope of the curve associated with penile 
insertion. After a variable period of intravaginal thrusting a 
further steep rise of the pressure took place and then de- 
clined just prior to the end of the ejaculatory pattern (Figs. 4 
and 5). This last phasic rise associated with seminal emission 
lasted approximately 100 msec. Thereafter the SVP fell to its 
previous level, i.e., to the maximum level that occurred dur- 
ing intravaginal thrusting. The pressure after ejaculation re- 
mained above the baseline (precopulatory level) for variable 
periods, which, however, were longer than those observed in 
either mounts or intromissions (range 5.9-131.8 sec, vs 1.9- 
10.5 sec for mounts and 2.2-18.5 sec for intromissions). 


DISCUSSION 


Three discrete motor patterns can be distinguished in the 
copulatory behavior of the male rat: mount, intromission and 
ejaculation [10,13]. Our data show that distinct changes in 
the SVP occur during the performance of each of these 
motor patterns. The finding that a small initial rise in SVP 
often occurs shortly before mounting shows that this re- 
sponse is part of the visceral changes anticipatory to copula- 
tion. Since this response apparently occurs without external 
genital stimulation it may reflect the activation of brain cen- 
ters related to sexual arousal. Electrical stimulation of some 
brain areas (spinothalamic tract, preoptic area) has been re- 
port to induce seminal emission in the cat and the monkey 
[14,17], thus pointing to the existence of a cerebral represen- 
tation of seminal emission. However, it is also possible that 
this rise is related to motor acts previous to copulation, i.e., 
pursuit or to excitation of penile receptors associated with 
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FIG. 5. Characteristics of pelvic movements (PM) and seminal vesicle pressure (SVP) changes during 
an ejaculation. Insertion could be inferred in this record from the SVP changes since no motor 
differences are recognized between extravaginal and intravaginal thrusting. Note the striking similarity 
in SVP changes between this and the previous ejaculatory pattern (Fig. 4). 


penile erection. The functional meaning of the SVP increases 
occurring during the mount and intromission patterns is not 
clear. Changes in SVP during mounting are not observed in 
the rabbit, a species in which explosive ejaculation occurs 
after a single penile insertion [9]. 

The SVP pattern of ejaculation showed three compo- 
nents, the first two being associated with mounting and in- 
tromission. The final steep rise and decline in the SVP was 
clearly related to ejaculation, i.e., passage of the seminal 
fluid along the penile urethra. The intromission SVP rise and 
the ejaculation SVP rise, appeared in relation to different 
phases of the motor pattern. This suggests that they are 
mediated through separate reflex arcs, at least regarding 
their afferent limb. 

Ejaculation consists of two processes: (a) seminal emis- 
sion, the passage of semen to the urethra and (b) ejaculation, 
the ejection of semen from the posterior urethra to the out- 
side of the body. There is evidence that seminal emission 
which involves the contraction of the prostate and seminal 
vesicles is mainly regulated through impulses carried by the 
hypogastric nerves [5]. On the other hand, ejaculation is 
produced by contraction of muscles innervated by fibers 
from the pudendal nerves [5,11]. In the rabbit, these two 
reflexes coincide or follow each other in succession, suggest- 


ing that both have a common triggering stimulus, most likely 
penile insertion. By contrast, in the rat, penile insertion 
causes contraction of the seminal vesicles but ejaculation 
does not occur unless it is immediately preceded by 
intravaginal thrusting. Interestingly, repetitive intravaginal 
thrusting in the rat was not clearly established with observa- 
tional techniques [10]. 

Although few studies have been performed on ejaculation 
in freely behaving individuals, it is clear that great inter- 
species variations exists in this process. In masturbating 
humans, using X ray cinematography, 7 to 10 successive 
contractions of the seminal vesicles accompany ejaculation 
[15]. On the other hand, in the rabbit a single long contrac- 
tion of the seminal vesicles is associated with ejaculation [9]. 
Our present observations show that the SVP curve in the 
copulating rat is more complex than in the rabbit, since it 
consists of a basal tonic contraction on which two other 
phasic contractions are superimposed. However, no 
rhythmic, repetitive contractions of the seminal vesicles as 
reported in the human were ever noted. Further studies are 
required to determine if these species variations reflect 
differences in the intrinsic contractility properties of the sem- 
inal vesicles or in the pattern of discharge of the hypogastric 
nerves. 
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BARRETT, B. A., P. CAZA, N. E. SPEAR AND L. P. SPEAR. Wall climbing, odors from the home nest and catechola- 
minergic activity in rat pups. PHYSIOL. BEHAV. 29(3) 501-507, 1982.—The present investigation examined the relation- 
ship among wall climbing, home nest odors, circadian rhythmicity and catecholaminergic activity. In the first experiment, a 
catecholaminergic agonist, amphetamine, was observed to induce wall climbing in 10- but not 15-day old rat pups. It was 
observed in the second experiment that an a-adrenergic antagonist, phentolamine, attenuated wall climbing elicited by foot 
shock in 10-day old rat pups without affecting general locomotor activity. However, haloperidol, a dopaminergic 
antagonist, was observed to decrease both shock-elicited wall climbing and general locomotor activity in rat pups at this 
age. These results support the hypothesis that wall climbing may be partially mediated by catecholaminergic activity. 
Home nest odors decreased both amphetamine-induced wall climbing for animals tested during the dark cycle in Experi- 
ment | and shock-induced wall climbing for subjects tested both during the light and dark phases in Experiment 2. This 
attenuation by home nest odors of both drug- and shock-elicited wall climbing suggests the further hypothesis that home 


nest odors may influence the level of catecholaminergic activity. 
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RAT pups during the second postnatal week respond to cer- 
tain environmental stimuli and drugs with a behavior called 
‘‘wall climbing.’’ This behavior is defined as alternate 
forepaw treading against the walls of an apparatus with the 
body positioned in a near vertical plane. Wall climbing may 
be an age-specific response to stressful situations; it is 
readily elicited in rat pups during the second postnatal week 
by potent environmental stimuli such as electrical shock to 
the feet or other body parts [24,28], high temperature ((16] 
and L. Spear, unpublished results) and strong odor (L. 
Spear, unpublished results). Hall [13] also briefly mentioned 
that wall climbing was induced at this same age in response 
to oral milk infusions. Wall climbing in this situation was 
described by Hall as a response of ‘‘apparent distress, aver- 
sion, or rejection’ ([{13] p. 986). 

There is some evidence that the catecholaminergic sys- 
tems may be involved in the mediation of this age-specific 
behavior of wall climbing. The catecholaminergic agonists 
apomorphine and clonidine have been observed to elicit wall 
climbing in rat pups specifically during the second postnatal 
week (20, 22, 27]. Moreover, phentolamine, an a-adrenergic 
antagonist, has been shown to decrease clonidine-induced 
wall climbing in 10-day old rat pups [20]. 

Another age-related behavior that may be influenced by 
the catecholamine system is that of isolated rat pups toward 





Amphetamine Phentolamine 


materials from their home nest. It has been amply demon- 
strated that when presented with a choice situation involving 
home nest cues, rat pups 3-27 days of age prefer to spend 
most of their time near the home nest materials [2,17]. This 
preference can be selectively attenuated by neonatal treat- 
ment with the catecholaminergic neurotoxin 6-hydroxy- 
dopamine [18], suggesting that the catecholamines may be 
involved in mediating rat pups sensitivity to, or preference 
for, home nest odors. 

This evidence that the rat pup’s sensitivity to or prefer- 
ence for home nest odors and its wall climbing may both be 
mediated by catecholaminergic activity suggests that 
perhaps wall climbing and the effects of home nest odors 
may share some common neural substrate. The present in- 
vestigation examined this hypothesis by an initial assessment 
of the relationship among wall climbing, odors from the 
home nest and catecholaminergic activity. The first experi- 
ment assessed the effectiveness of the catecholaminergic 
agonist, d/-amphetamine, in inducing wall climbing in 10- and 
15-day old rats in the presence or absence of home nest 
odors. Because daily biorhythmicity has been shown to af- 
fect behavior, brain neurochemistry and pharmacological re- 
sponsiveness to catecholaminergic agents in the developing 
rat [9, 10, 14, 29], circadian variation in the influence of 
amphetamine and home nest odors on wall climbing was also 
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examined. The second experiment tested the effects of two 
catecholaminergic antagonists, phentolamine, an a-adren- 
ergic receptor antagonist, and haloperidol, a dopaminergic 
receptor antagonist, on wall climbing induced by foot shock. 
The influence of odors from the home nest and circadian fluc- 
tuations on these drug response patterns were also examined. 


EXPERIMENT | 


The purpose of Experiment | was to determine whether 
dl-amphetamine would induce wall climbing in 10- and 
15-day old rats and whether this behavior would be affected 
by odors from the home nest. To assess the influence of 
circadian rhythmicity, subjects were tested during either the 
light or dark phases of their illumination cycle. 


METHOD 
Subjects 


Three hundred twenty 10- and 15-day-old male and female 
Sprague-Dawley derived rat pups born and raised at our lab- 
oratory at the State University of New York at Binghamton 
were used in this experiment. The subjects were housed with 
their parents and conspecifics and maintained from birth 
under a 16-hour light/8-hour dark illumination cycle in either 
of two vivaria, one with light onset occurring at 0600 hrs and 
the other with light onset occurring at 1800 hrs. Utilizing 
these two vivaria allowed the testing of animals at the same 
time of day but at different phases of their illumination cycle. 
All animals were tested between 1000 and 1400 hours. Those 
from the 0600 hr-onset vivarium were therefore tested in the 
middle of their light cycle and those from the 1800 hr-onset 
vivarium in the middle of their dark cycle. Previous research 
has indicated that animals housed under such conditions will 
have equivalent, but phase-shifted circadian rhythms [12,14]. 


Apparatus 


The. test apparatus consisted of a Plexiglas box 
(38.1 19.0 10.2 cm) fitted with a screen floor marked into 
15 matrices (3.83.8 cm). Shavings were placed in a tray 
located underneath the screen floor. Shavings were either 
clean pine shavings or 7-day old nest shavings (i.e., shavings 
were changed one week prior to testing and untouched by 
caretakers until testing). 


Procedure 


Pups from each aged litter from a given light cycle condi- 
tion were randomly assigned to one of the eight treatment 
conditions designated by Drug Dose (saline, 2, 4, or 8 
mg/kg/5 cc of d/-amphetamine) and Type of Shavings present 
during testing (clean vs 7-day old home nest). A 0.9% saline 
solution was used as the saline control and as a vehicle for 
the amphetamine solution. Ten subjects were tested under 
each of the 32 treatment conditions (2 Ages x 2 Light Cycle 
x 2 Shavings Type x 4 Drug Doses). Following a sub- 
cutaneous injection of the appropriate drug dose, each 
animal was placed individually into an incubator (33+ 1°C) 
for 10-15 min prior to testing. After this interval, the pup was 
placed in the center of the testing arena and the number of 
wall climbing bouts during the 10 min testing session was 
recorded. Wall climbing was defined as alternate forepaw 
treading against the wall of the apparatus with the body in a 
near vertical plane. This behavior pattern is reliably and eas- 
ily distinguishable from other behavior patterns. Subjects 
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mg/kg AMPHETAMINE 
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FIG. 1. Frequency of wall climbing bouts induced by amphetamine 
in 10-day old subjects tested over home or clean shavings during the 
light or dark phases of the illumination cycle. 


taken from the dark phase of their illumination cycle were 
handled and tested under red illumination, while those from 
the light phase of their cycle were exposed to normal am- 
bient illumination throughout the treatment and testing pro- 
cedures. 


RESULTS 


A 2(Age) x 2(Light Cycle) x 2(Shavings Type) x 4(Drug 
Dose) Analysis of Variance (ANOVA) was calculated on the 
frequency of wall climbing bouts (see Fig. 1 for 10-day-olds, 
Table 1 for 15-day-olds). This analysis revealed significant 
main effects of Age, F(1,288)=51.04, p<0.001, Light Cycle, 
F(1,288)=5.39, p<0.05, and Drug Dose, F(3,288)=7.08, 
p<0.001, as well as a significant Age x Drug Dose interac- 
tion, F(3,288)=6.32, p<0.001. Amphetamine was effective in 
inducing wall climbing for 10-day old subjects while the 
15-day old pups rarely exhibited this behavior under any 
conditions. Pups tested during the light cycle wall climbed 
significantly more than those tested during the dark. Al- 
though subjects tended to wall climb less when tested over 
home relative to clean shavings, the main effect for litter 
shavings only approached significance, F(1,288)=3.71, 
p<0.055. A Drug x Age x Light Cycle x Litter Shavings 
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TABLE 1 


MEAN FREQUENCY OF AMPHETAMINE-INDUCED WALL 
CLIMBING FOR 15-DAY OLD SUBJECTS 





Dose of Amphetamine (in mg/kg) 
0 2 





Light Cycle 
Clean Shavings 
Home Shavings 

Dark Cycle 


Clean Shavings 
Home Shavings 





interaction also only approached significance, F(3,288)= 
2.48, p<0.055). 

Because 15-day old subjects did not wall climb to any 
significant degree in any of the treatment conditions (see 
Table 1), the frequency of wall climbing was examined sepa- 
rately for 10-day old pups in a 2(Light Cycle) x 2(Shavings 
Type) x 4(Drug Dose) ANOVA. Only the main effect for 
Drug Dose attained significance, F(3,144)=7.68, p<0.001. 
Again the main effects of Litter Shavings, F(1,144)=3.26, 
p<0.055, and Light Cycle, F(1,144)=3.74, p<0.070, ap- 
proached significance. A Duncan’s Post Hoc Analysis 
(a=0.05), performed on the means for the four drug condi- 
tions, showed that subjects receiving either 2 or 4 mg/kg of 
dl-amphetamine wall climbed significantly more than those 
given saline or 8 mg/kg of d/-amphetamine. 

Although the main effect of testing during different phases 
of the illumination cycle was not statistically significant, 
examination of Fig. 1 shows that the pattern of responding 
for 10-day old subjects tested over home shavings vs those 
tested over clean shavings differed depending upon the 
phase of the illumination cycle in which testing occurred. To 
further clarify these differences a 2(Shavings Type) x 4(Drug 
Dose) ANOVA was calculated on the wall climbing data of 
10-day old subjects from each illumination phase. The 
ANOVA examining the data from pups tested during the 
light cycle revealed a main effect of Drug Dose, F(3,72)= 
3.63, p<0.05, as well as a significant Drug x Litter Shavings 
interaction, F(3,72) = 2.87, p<0.05. Wall climbing was not 
influenced by home nest odors in saline treated control sub- 
jects, as shown in Fig. 1. However, the amphetamine- 
response curve for wall climbing behavior differed as a func- 
tion of the odors present during testing. For subjects tested 
over home shavings, wall climbing was maximally elicited by 
the 2 mg/kg dose of amphetamine, while pups tested over 
clean shavings demonstrated the greatest amount of wall 
climbing following a 4 mg/kg amphetamine dose. 

This shift in the dose response curve did not occur for 
those subjects tested during the dark phase of their illumina- 
tion cycle. The ANOVA performed upon the frequency of 
wall climbing bouts of 10-day old subjects tested during 
the dark cycle revealed main effects of Drug Dose, 
F(3,72)=4.63, p<0.005, and Litter Shavings, F(1,72)=5.41, 
p<0.05, but no interaction involving these factors. As shown 
in Fig. 1, amphetamine treated subjects tested over home 
shavings wall climbed consistently less than those tested 
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over clean shavings and the drug-response pattern was simi- 
lar in both testing situations. 


DISCUSSION 


Amphetamine was clearly effective in eliciting wall climb- 
ing in 10-day old subjects. Fifteen-day old subjects rarely 
wall climbed in any condition. This age-specific nature of 
wall climbing elicited by amphetamine is similar to that seen 
with other catecholaminergic agonists [20, 22, 27] as well as 
potent environmental stimuli [13, 16, 24, 28]. Wall climbing 
appears to be elicited by these stimuli specifically during the 
second postnatal week and rarely in younger or older pups. 

The results of this experiment also suggest that odors 
from the home nest influence the incidence of wall climbing, 
modulate the effects of amphetamine or both. Home nest 
odors produced a shift to the left in the amphetamine dose 
response curve of wall climbing behavior for 10-day old sub- 
jects tested during the light cycle. Subjects tested during the 
dark cycle wall climbed consistently less in the presence of 
home nest odors. These differences between subjects tested 
during the light and dark phases of their illumination cycle 
suggests that circadian variations in catecholaminergic ac- 
tivity may play a role in mediating wall climbing induced by 
amphetamine. 


EXPERIMENT 2 


The catecholaminergic agonist, d/-amphetamine, in- 
creased wall climbing in 10-day old rats in Experiment 1. If 
wall climbing is mediated in part by the catecholamine sys- 
tem, catecholaminergic antagonists should decrease the 
occurrence of this behavior. This hypothesis was tested in 
the present experiment. 

Since control subjects in Experiment | exhibited a low 
incidence of wall climbing, it was necessary to increase 
baseline levels of wall climbing in order to assess a po- 
tential drug-induced attenuation of wall climbing. This in- 
crease was accomplished in this experiment by intermittant 
footshock. Footshock has been shown to elicit wall climbing 
in pups tested at 8 days but not at 16 days postnatally [24]. 
Intrinsic to the present experiment is the hypothesis that wall 
climbing, whether it is spontaneously emitted or elicited by 
amphetamine or footshock, may be governed by common 
neuronal factors. Two catecholaminergic antagonists, phen- 
tolamine, an a-adrenergic receptor antagonist, and haloperi- 
dol, a dopaminergic receptor antagonist, were used in the 
present experiment in an attempt to suppress shock-induced 
wall climbing in 10-day old rat pups. 

In Experiment 1, home nest odors appeared to modulate 
the degree to which amphetamine elicited wall climbing; 
moreover, the pattern of these results depended on the phase 
of the illumination cycle during which testing was con- 
ducted. Consequently, the effects of home nest cues and 
circadian variations on shock-induced wall climbing were 
also assessed in Experiment 2. 

An additional measure of wall climbing activity was used 
in this experiment. It was informally observed in Experiment 
1 that some pups would initiate several long bouts of wall 
climbing, while others would initiate an equivalent number 
of bouts, but each of a much shorter duration. Duration of 
wall climbing therefore seemed an important parameter of 
this behavior. To more systematically evaluate wall climbing 
in Experiment 2, both frequency and duration of wall climb- 
ing were measured. 





Subjects 


Two hundred 10-day old, male and female Sprague- 
Dawley derived rat pups were used in this experiment. Sub- 
jects were housed and maintained as in Experiment 1. 


Apparatus 


The pups were tested in a Plexiglas box (14.0x7.6x 12.7 
cm) mounted above a grid floor which was attached to a 
Grason-Stadler shock generator. Shavings were placed in a 
tray located underneath the grid floor. Data were collected 
via a computer-assisted, continuous data collection program 
by which behaviors emitted by the animal were entered into 
an Apple II+ computer by a keyboard. The keyboard con- 
tained 16 buttons, allowing for the continuous recording of 
up to 16 different behaviors. Software programming permit- 
ted the determination of the total duration and frequency of 
each recorded behavior. 


Procedure 


Subjects from each litter were randomly assigned to one 
of the twenty treatment conditions defined by the type of 
shavings present during testing (clean vs 7-day old home 
nest), phase of the illumination cycle (light vs dark) and Drug 
Dose (saline, 0.1 or 0.5 mg/kg haloperidol or 3.0 or 15.0 
mg/kg phentolamine). No more than one subject from a litter 
was placed into a given treatment condition with ten subjects 
being tested under each of the twenty treatment conditions. 
After each subject had received a subcutaneous injection of 
the appropriate drug dose, they were individually placed in 
an incubator (33+1°C). The injection-test interval for sub- 
jects receiving saline or phentolamine was 15 min and for 
those subjects receiving haloperidol, 45 min. Following the 
injection-test interval, each subject was placed in the testing 
chamber for 5 min where they received a 3-sec, 0.5 mA 
footshock every 30 sec. Bouts of wall climbing and general 
locomotor activity were scored by means of the continuous 
data collection program. Testing was conducted between 
1100 and 1500 hours. As in Experiment 1, pups tested during 
their dark cycle were tested and observed under red illumi- 
nation, while those tested from the light cycle were handled 
and tested under ambient lighting conditions. 


RESULTS 


Data for each of the three response measures (frequency 
of wall climbing, total duration of wall climbing and total 
duration of general locomotor activity) were analyzed sepa- 
rately for the phentolamine and haloperidol treated subjects 
by means of a 2(Light Cycle) x 2(Litter Shavings) x 3(Drug 
Dose) Analysis of Variance (ANOVA). Data from the 
saline-injected subjects were used as the 0-dose control in 
each analysis. 


Phentolamine 


The analysis examining the frequency of wall climbing for 
subjects receiving either saline or phentolamine revealed a 
significant main effect of Drug Dose, F(2,108)=33.47, 
p<0.001. As shown in Table 2 phentolamine decreased the 
frequency of shock-induced wall climbing. 

For total duration of wall climbing, main effects of Litter 
Shavings, F(1,108)=4.26, p<0.05, and Drug Dose, 
F(2,108)=23.54, p<0.001, were found to be significant. Fig- 
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TABLE 2 


MEAN FREQUENCY OF WALL CLIMBING FOR PHENTOLAMINE 
AND HALOPERIDOL TREATED SUBJECTS 





Dose of Phentolamine Dose of Haloperidol 
(in mg/kg) (in mg/kg) 


3 15 0.1 





Light Cycle 
Clean Shavings 
Home Shavings 

Dark Cycle 


Clean Shavings 
Home Shavings 





PHENTOLAMINE TREATED SUBJECTS 
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FIG. 2. Total duration of wall climbing (in '/2 sec) for 10-day old 
subjects treated with phentolamine and tested over home or clean 
shavings during the light or dark phases of the illumination cycle. 
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TABLE 3 


TOTAL DURATION OF LOCOMOTOR ACTIVITY FOR 
PHENTOLAMINE AND HALOPERIDOL TREATED SUBJECTS 





Dose of Phentolamine Dose of Haloperidol 
(in mg/kg) (in mg/kg) 


0 3 15 0.1 0.5 





Light Cycle 


152.8 
226.5 


Clean Shavings 
Home Shavings 


Dark Cycle 


Clean Shavings 
Home Shavings 





HALOPERIDOL TREATED SUBJECTS 
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FIG. 3. Total duration of wall climbing (in '/2 sec) for 10-day old 
subjects treated with haloperidol and tested over home or clean 
shavings during the light or dark phases of the illumination cycle. 
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ure 2 shows that subjects tested in the presence of home nest 
odors wall climbed for a consistently shorter period of time 
than those tested in the absence of these cues and treatment 
with phentolamine reduced the total duration of these wall 
climbing bouts. This decrease appears to be specific to wall 
climbing since phentolamine did not significantly depress 
general locomotor activity (see Table 3). 

The only measure influenced by Light Cycle was locomo- 
tor activity, F(1,108)=13.26, p<0.001 (see Table 3). The 
total duration of locomotor activity was greater for subjects 
tested during their dark cycle as would be expected given the 
normal nocturnal increases in spontaneous activity observed 
in the rat [1]. 


Haloperidol 


A significant main effect of Drug Dose was obtained when 
the wall climbing frequency of haloperidol treated subjects 
was analyzed, F(2,108)=8.32, p<0.001. Like phentolamine, 
haloperidol reliably decreased the frequency of shock- 
induced wall climbing (see Table 2). 

Total duration of wall climbing of haloperidol treated sub- 
jects yielded significant main effects of Litter Shavings, 
F(1,108)=4.20, p<0.05, and Drug Dose, F(2,108)=9.67, 
p<0.001. Subjects tested in the presence of home shavings 
wall climbed less than those tested over clean shavings and 
haloperidol reduced the total duration of wall climbing (see 
Fig. 3). 

Unlike phentolamine treatment, however, haloperidol 
also reduced the total duration of general locomotor activity, 
F(2,108)= 19.5, p<0.001 (see Table 3). The effects of halo- 
peridol in decreasing the amount of general locomotor activ- 
ity and wall climbing were further examined by means of 
Neuman-Keuls Post-Hoc Analyses (a=0.05). These 
analyses revealed that only the highest dose of haloperidol, 
0.5 mg/kg, was effective in reducing both the duration of 
locomotor activity and the duration of wall climbing. No 
reliable differences were found in these analyses between the 
saline or 0.1 mg/kg dose of haloperidol. Finally, subjects 
tested during the light cycle exhibited significantly less lo- 
comotor activity than those tested during the dark cycle, 
F(1,108)=9.7, p<0.005 (see Table 3). 


DISCUSSION 


The presence of odors from the home nest reliably de- 
creased the total duration of shock-induced wall climbing 
although the frequency of wall climbing bouts was not af- 
fected. Phentolamine and haloperidol significantly reduced 
both the frequency and total duration of wall climbing. Halo- 
peridol, however, also affected general locomotor activity in 
addition to wall climbing; consequently its effects on wall 
climbing per se are difficult to assess. Phentolamine at- 
tenuated wall climbing without influencing general locomo- 
tor activity. The only significant effects of Light Cycle were 
on general locomotor activity. Subjects showed increased 
levels of activity during the dark cycle which is consistent 
with their normal circadian patterns. 


GENERAL DISCUSSION 


These experiments further support the hypothesis that 
wall climbing behavior may be in part mediated by the cate- 
cholaminergic systems. In Experiment 1, amphetamine, a 
catecholaminergic agonist, was observed to increase wall 
climbing behavior in 10-, but not 15-, day old subjects. Thus, 
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amphetamine joins the list of catecholamine agonists that 
previously included agonists such as apomorphine [22] and 
clonidine [20,27] that induce wall climbing in rat pups specif- 
ically during the second week of life. 

If wall climbing behavior is in part modulated by the cate- 
cholaminergic systems, then not only should catecholamine 
agonists induce, but catecholamine antagonists should at- 
tenuate, wall climbing behavior. In Experiment 2, two cate- 
cholamine antagonists—the a-adrenergic antagonist, phen- 
tolamine, and the dopaminergic antagonist, haloperidol— 
were observed to decrease the incidence of shock-elicited 
wall climbing behavior in 10-day old rat pups. The effect of 
phentolamine on wall climbing appears to be fairly specific 
since general locomotor activity was not significantly influ- 
enced by the drug. However, the haloperidol-induced at- 
tenuation of wall climbing behavior may be attributable to an 
overall suppressant effect of haloperidol on activity and may 
not be specific to wall climbing behavior. 

The age-dependency of wall climbing behavior is seen 
quite clearly in the results of Experiment 1. Amphetamine 
elicited wall climbing in 10-, but not 15-, day old subjects. 
Other studies of wall climbing have shown a similar on- 
togenetic dependency. For example, apomorphine [22] and 
clonidine [20,27] were observed to induce wall climbing in 7- 
and 14-day old, but not 21-day old rat pups. Similarly, 
footshock-induced wall climbing was observed in 8-, but not 
16-, day old rat pups [24]. Thus, wall climbing appears to be 
primarily elicited during the second week of life in the rat. 
The mechanisms resulting in the ontogenetic decline in wall 
climbing after the second postnatal week are unknown. It is 
tempting to speculate that the gradual disappearance of wall 
climbing may be related to the emergence during the third 
postnatal week of newly maturing brain systems which in- 
hibit this behavior pattern. 

In these experiments, odors from the home nest were 
observed to attenuate wall climbing. These effects were ap- 
parent in the wall climbing frequency data of Experiment | 
and were observed most clearly in Experiment 2 when the 
duration of wall climbing was examined. Comparison of the re- 
sults obtained using the frequency and duration measures of 
wall climbing in Experiment 2 indicates that duration of wall 
climbing is a more sensitive measure of this behavior pattern 
than the frequency measure. In Experiment 1, odors from 
the home significantly decreased the frequency of 
amphetamine-induced wall climbing for subjects tested dur- 
ing the dark phase of their illumination cycle. In Experiment 
2, home nest odors were likewise observed to decrease the 
duration of shock-elicited wall climbing during both the light 
and dark phases of the illumination cycle. The finding that 
both odors from the home nest and catecholaminergic 
antagonists decreased the amount of wall climbing in these 
experiments is consistent with the hypothesis that the effects 
of home nest odors may in part be related to their influence 
on catecholaminergic activity. 

Odors from the home nest may play an important role in 
affecting the state of arousal of the rat pup. For example, it 
has been suggested that home nest odors may serve to 
protect rat pups from a stress- or fear-induced increase in 
arousal that is associated with exposure to an unfamiliar set- 
ting [5]. Stressful situations have also been shown to in- 
crease catecholaminergic activity in adult animals [30]. 
Taken together, these results suggest the tentative hypoth- 
esis that odors from the home nest protect rat pups from 
increases in catecholaminergic activity induced by exposure 
to unfamiliar (stressful) situations. In the presence of home 
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nest odors then, animals may wall climb less in response to 
footshock or catecholamine agonists because the catechol- 
aminergic activity of these animals is less than that of 
animals tested in the absence of these odors. 

This hypothesis, although tentative, is consistent with a 
variety of other data. For example, if the level of catechol- 
aminergic activity is influenced by home nest odors, then an 
animal’s sensitivity to drugs affecting catecholaminergic ac- 
tivity may be altered by the presence or absence of odors 
from the home nest. It has been observed accordingly that 
the cataleptic effects of dopamine antagonists such as 
spiroperidol and haloperidol are increased in the presence of 
home nest odors [3]. Moreover, if the effects of litter shav- 
ings are mediated by catecholaminergic activity, then ma- 
nipulations that decrease catecholamine levels might be ex- 
pected to attenuate the effects of litter shavings. Indeed, as 
was discussed previously, it has been reported that the pref- 
erence of young rat pups for odors from the home nest can be 
selectively attenuated by neonatal treatment with the cate- 
cholaminergic neurotoxin 6-hydroxydopamine [18]. Yet, 
Pappas and associates [19] observed that forebrain norepi- 
nephrine depletion or striatal dopaminergic lesions induced 
by the same neurotoxin did not alter the hyperactivity in- 
duced by home nest odors in their testing situation. Perhaps 
the various effects of litter shavings are not all mediated by 
the same catecholaminergic system. According to this view- 
point, the catecholaminergic system mediating the effect of 
litter shavings on locomotor activity might be located in 
brain regions such as the hindbrain where catecholamine 
levels are unaffected or even increased after these specific 
neurotoxin lesions. Or alternatively, perhaps more than one 
neurotransmitter system is involved in mediating the effect 
of litter shavings on locomotor activity. Indeed, on the basis 
of other work, we have previously postulated that there may 
be substrate redundancy in the neurochemical controls of 
behavioral activation in infancy [8]. 

Determination of the brain mechanisms that are influ- 
enced by litter shavings is of particular importance in that 
odors from the home nest have been shown to have a marked 
influence on learning performance and other behaviors in 
pre-weanling rats. For example, isolated rat pups exposed to 
odors from the home nest or mother have been reported to 
alter their locomotor activity, with hyperactivity being re- 
ported in short-term tests in a relatively large open field 
[4,19] and hypoactivity being reported in more long-term 
testing situations [5] or in short-term tests in a small appara- 
tus ({23] and Sosis, Barrett and Spear, in preparation). The 
presence of home nest odors has also been reported to in- 
crease spontaneous alternation toward adult levels, enhance 
the learning or performance of discriminated escape tasks 
[25,26] while impairing the performance of taste aversion 
conditioning [15]. 

Is there any evidence that the effects of odors from the 
home on the performance in learning tasks may be mediated 
by the effects of home nest odors on catecholaminergic ac- 
tivity? Cholinergic activity seems to be critical for perform- 
ance of spontaneous alternation and passive avoidance tasks 
and interactions between the cholinergic and catechola- 
minergic systems have been apparent for many years [6,7]. 
In particular, the dopaminergic system has been shown to 
have a functionally inhibitory influence on cholinergic activ- 
ity in many brain regions including the striatum and nucleus 
accumbens. Consequently, lessened dopaminergic activity 
induced by the presence of home shavings might function to 
release cholinergic neurons from inhibition, enhancing the 
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performance of rat pups on tasks such as spontaneous alter- 
nation and passive avoidance that seem to be dependent 
upon cholinergic activity. On the other hand, learning of a 
taste aversion perhaps may be facilitated by increased cate- 
cholaminergic activity. Lateral hypothalamic lesions (which 
often disrupt among other things dopaminergic afferents to 
striatum) or the catecholaminergic synthesis blocker, 
alpha-methyltyrosine, may impair taste aversion condition- 
ing in adult animals [11,21]. Odors from the home nest might 
therefore impair taste aversion conditioning by their attenu- 
ation of the catecholaminergic system. 

We realize that this explanatory framework is fragile and 
parts of it somewhat speculative. Yet, the hypothesis that 
odors from the home nest protect animals from increases in 
catecholaminergic activity induced by exposure to novel 
situations may nevertheless be of some utility in assessing 


507 


the mechanisms by which home nest odors influence a vari- 
ety of behaviors in the developing rat pup, pending confir- 
mation by other psychopharmacological and neurochemical 
studies. 
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FOLLENIUS, M., G. BRANDENBERGER, S. OYONO AND V. CANDAS. Cortisol as a sensitive index of heat- 
intolerance. PHYSIOL. BEHAV. 29(3) 509-513, 1982.—The relationship between plasma cortisol levels, core tempera- 
tures, heat storage and the appearance of subjective manifestations of heat intolerance were investigated in two groups of 4 
and 3 men, respectively. The first group underwent 4 randomized experimental sessions: a control session and three 
heat-exposure sessions (A: 48°C, 34 Torr, 80 min; B: 55°, 15 Torr, 120 min; C: 48°C, 15 Torr, 180 min). During control 
periods, the subjects were maintained in a thermoneutral climate (28°C, 10.5 Torr). The second group of subjects was 
studied before and after five successive daily exposures to hot and humid conditions (D: 43°C, 32 Torr, 165 min). Signs of 
subjective discomfort in experiments A and B were accompanied by an increase in cortisol values over control day values, 
and this increase began at a mean rectal temperature of about 38°C. Condition C was well tolerated, the plasma cortisol 
remained at basal levels and mean rectal temperature averaged 38°C at the end of the exposure. Repeated exposures in 
condition D improved heat tolerance with a lesser effect on plasma cortisol levels and a lower body temperature at the end 
of exposure. Circulating cortisol is shown to be a very sensitive index of heat stress heralding the onset of poor tolerance of 
severe climates. The relation between concomitant levels of cortisol and rectal temperatures, in fit men, is affected by 
additional factors (hypotension, uncomfortable posture). These reduce tolerance time and are not reflected by body 


temperatures, but by rapidly increasing cortisol levels. 


Cortisol Core temperature Heat storage 


Discomfort 


Heat tolerance 





SEVERAL research teams have studied the length of time 
that men can tolerate very hot or hot-humid conditions either 
at rest or at work. The criteria for determining the limit of 
heat tolerance are sometimes subjective and related to the 
severity of the environment [3], but generally they are based 
on physiological measurements such as body temperature 
[18, 23, 31], skin temperature [21,22], heat storage [5,11], 
sweat rate [17,26], dehydration [1], heart rate [7,18] or 
maximum oxygen consumption [31]. Multivariable ap- 
proaches have been proposed to establish safe exposure lim- 
its. Pandolf [25] suggested the convergence of skin and rectal 
temperatures, Shvartz et a/. [28] heart rate and rectal tem- 
perature, as a criterion for heat tolerance. Skin wettedness 
[28] and body fluid responses [27] were considered in addi- 
tion to other factors such as the surface area-to-mass ratio 
and maximum oxygen uptake. 

These physiological responses to the heat load imposed 
on subjects, which is denoted as the heat stress, are all signs 
of the resultant strain for various levels of exposures. It 
would also be of value to define some endocrinological index 
of heat stress, to enable the evaluation of stress magnitude 
and the prediction of the tolerance limits. In this respect, it is 
well known that the hypothalamo-hypophysial axis is in- 
volved in the adaptation of organisms to acute changes in 
their environment. If studies under very hot and humid con- 
ditions are continued until the subjects show characteristic 
symptoms of heat intolerance, such as paresthesiae, nausea 
or collapse, the endocrine responses closely resembles that 


induced by non-specific stressors: plasma adrenocortico- 
tropin, growth hormone, prolactin and especially cortisol 
levels are then appreciably modified [13,14]. 

Some of our previous observations suggested that an in- 
crease in circulating cortisol not only accompanied heat 
stroke, but heralded the beginning of poor heat tolerance 
[15]. We therefore measured plasma cortisol levels during 
various acute heat exposures to determine if the observed 
rises are a reliable sensitive index of heat-related discomfort, 
even preceding other symptoms of heat intolerance. 


METHOD 


Seven fit men aged 20-24 years acted as subjects. Their 
weights ranged from 67 ard 72 kg and heights between 1.67 
and 1.80 m. Prior to the experimental days, they underwent a 
medical examination; they were well informed on experi- 
mental risk and gave their written consent. 

One group of 4 subjects was studied in four randomized 
experimental sessions with a two-week interval between 
them: each subject underwent a control session and three 
heat-exposure sessions (A, B, C). A second group of 3 sub- 
jects underwent exposure D before (day 1) and after being 
exposed to this temperature on five successive days (day 6). 
The hyperbolic relationship of Bell and Crowder [4] between 
the time before a state of distress was reached and the sever- 
ity of the environment (weighted sum of wet- and dry-bulb 
temperatures) was used to define the time during which the 
subjects could be safely exposed to a specific hot or hot- 
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humid environment. After pilot studies had been run in 2 
subjects in each condition, the parameters for exposure cli- 
mates has been set as follows: 


48°C, 34 Torr from 1500 hr to 1620 hr 
55°C, 15 Torr from 1500 hr to 1700 hr 
48°C, 15 Torr from 1500 hr to 1800 hr 
43°C, 32 Torr from 1500 hr to 1745 hr 


During control periods, the subjects were maintained in a 
thermoneutral climate (28°C, 10.5 Torr). Wind speed was 
constant throughout the experiments at 0.3 msec~'. The sub- 
jects were dressed in shorts, lying in a hammock in the 
climatic chamber. 

The experiments started at 1300 hr and ended two hours 
after the end of the heat exposure. A small plastic catheter 
was inserted into an antecubital vein for collection at 10 min 
intervals during the whole expeirment at a rate of 0.5 ml/min. 
The samples were immediately centrifuged and the plasma 
stored at —20°C. 

During the heat exposures, the core temperature (rectal 
T,.) and 10 local skin temperatures were continuously re- 
corded. The mean weighted skin temperature (T,,) was cal- 
culated according to the method of Hardy and Dubois [19]. 
Body heat storage was calculated as follows: 


AS = 3.49 (0.8 AT,,. + 0.2 AT.) in kJ-kg™ 


where 3.49 kJ-kg™'-°C~' corresponds to the specific heat of 
the human body and where AT,, and AT,, are the increases in 
core and mean skin temperatures weighted as suggested by 
Colin et al. [8]. Heart rate and body weight losses were 
recorded throughout the experiment. Every ten min the sub- 
jects rated the degree of discomfort on a scale graded in 7 
steps at equal distance from one another. The scale values 
from | to 7 were defined, in succession, by the terms: | very 
pleasant, 2 pleasant, 3 fairly pleasant, 4 neither pleasant nor 
unpleasant, 5 fairly unpleasant, 6 unpleasant, 7 very un- 
pleasant. The onset of discomfort (reported on the graphs) 
was defined as being the time at which subjects estimated the 
experimental situation as “‘unpleasant.’’ The subjects were 
also asked to notify all disagreeable impressions due to heat 
(headache, oppression, palpitations). 

Plasma cortisol was determined by radioimmunoassay 
[30], using rabbit antiserum against a bovine serum albumin 
conjugate of cortisol-8-carboxymethyl-oxime, 21 acetate. 
The intra-assay coefficient of variation for duplicate samples 
was 4.5%. All values are expressed as mean+SE. Student’s 
paired f-test was used to assess the statistical significance of 
differences between corresponding levels. Subject discom- 
fort ratings were correlated with plasma cortisol and rectal 
temperature in a multiple regression analysis. 


RESULTS 


In experiments A and B, the overall pattern of mean sub- 
jective estimates of general discomfort tended to increase 
with time. At first, subjects considered the experimental 
situation ‘‘neither pleasant nor unpleasant’’ but after 60 min 
of heat exposure A and 100 min of exposure B, the situation 
was judged as “‘unpleasant”’ or ‘‘very unpleasant.’’ The sub- 
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FIG. 1. Mean plasma cortisol levels, heat storage and rectal tem- 
perature (+SEM) in 4 subjects exposed to heat condition A (80 min) 
compared to the control day pattern. 


jects also complained of disagreeable feelings, palpitations, 
slight respiratory difficulties or headaches. At that time, 
cortisol levels, having risen suddenly, differed significantly 
from control values as was shown by paired f-tests. Mean- 
values of 16.0+0.9 wg and 14.4+1.2 wg/100 ml plasma (Figs. 
1 and 2) were observed in experiments A and B respectively. 
A decrease occurred as soon as the ambient temperature 
decreased. Rectal temperature rose continuously during heat 
exposure, reaching 38.67+0.06° in A and 38.49+0.09° in B. 
Comparing the mean cortisol increases with the increases in 
rectal temperature reveals that, under both ambient condi- 
tions the cortisol increases began at a mean rectal tempera- 
ture of about 38°C (Fig. 1 and Fig. 2). Heat storage, like T,.., 
rose continuously, the rate increasing slightly at the end of 
exposure and reaching 4.3 kJ x hr~' x kg~' in Aand 2.5 kJ x 
hr~' x kg~' in B. Cumulative heat storage values at the end 
of the experiments were nearly the same for both conditions 
(A: 6.3+0.7 kJ x kg™!; B: 6.5x0.6kJ x kg~'. In these condi- 
tions mean heart rate reached 108 and 104 beats/min, re- 
spectively. 

In experiment C (Fig. 3) the subjects did not complain of 
disagreeable feelings or discomfort. The situation was as- 
sessed at the worst as ‘‘fairly unpleasant.’’ Plasma cortisol 
levels did not increase significantly over corresponding con- 
trol values. Rectal temperature reached 38.04+0.09°C and 
cumulative heat storage was 4.5+0.4 kJ x kg™' by the end of 
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FIG. 2. Mean plasma cortisol levels, heat storage and rectal tem- 
perature (+SEM) in 4 subjects exposed to heat condition B (120 min) 
compared to the control day pattern. 


the exposure time. Mean heart rate did not exceed 90 beats/ 
min. 

Regression analysis of the correlations between the de- 
gree of unpleasantness (V) and the variatiors in rectal tem- 
perature (AT,,) and in cortisol levels (AC,) as compared to 
corresponding control day values for the three experiments 
A, B and C gave the following results: 


r=0.653 


(1) AC, = 5.684 ATye — 1.99 df=150 


0.1941 AC, + 3.9 


r=0.657 

df=150 
r=0.760 

df=150 
r=0.789 
df=149 


1.955 AT,, + 3.1 


(4) w 1.49 AT, + 0.083 AC, + 3.24 


In the multiple regression analysis [4] the subjective esti- 
mates are correlated at 57.8% with AT,,. but only at 4.5% with 
AC,. This result accounts for the concomitant gradual rise in 
the degree of unpleasantness and in rectal temperature which 
occurred throughout the heat exposure. Cortisol levels did 
not increase steadily but rose suddenly at the time when the 
situation was considered ‘‘unpleasant.”’ 

In these acute heat exposures, body weight losses by 
sweating could not be related to cortisol responses. No cor- 


28°C , 10.5 Torr 48°C , 15 Torr 28°C , 10.5 Torr 
C I I — 








CORTISOL , pg/100 mt o--0 CONTROL 
15 o—e HEAT 


5 


BODY HEAT STORAGE 
- kJ- kg"! 
6 





2 


RECTAL TEMPERATURE 
38 


ooo an 6 9 
O:4::2:4:4: 8:6 Dee SS SS e SPosy vee: 





37 
l it i 4 1 1 J 
1300 1400 1500 1600 1700 1800 1900 2000 
TIME 





FIG. 3. Mean plasma cortisol levels, heat storage and rectal tem- 
perature (+SEM) in 4 subjects exposed to heat condition C (180 min) 
compared to the control day pattern. 


tisol increases were observed in experiment C, which, by its 
duration, led to the greatest dehydration (1.8% body weight). 

The results for the group in experiment D were analysed 
individually (Fig. 4). Plasma cortisol levels at the end of the 
heat exposure differed widely between the experimental 
days. The first exposure led to substantial rises comparable 
to those of experiments A or B, whereas the effect was less 
after the repeated exposure over 5 days. Subjects only re- 
ported discomfort at the end of the first exposure concomit- 
ant with the cortisol rise, and after 5 days the situation was 
described as only ‘‘fairly unpleasant.’’ As expected, re- 
peated exposure led to a fall in cumulative body heat storage 
from 5.6+0.8 kJ x kg~! to 4.3+0.3 kJ x kg™! due to shorten- 
ing of sweating time-lag and the resulting higher evaporative 
heat loss. 


DISCUSSION 


The main objectives of this study were to determine the 
variations in plasma cortisol levels in subjects exposed to hot 
and to hot-humid environments and to relate the increases to 
subjective statements on discomfort preceding tolerance 
limits and to changes in some physiological variables. The 
results show that circulating cortisol is a very sensitive index 
of heat stress, since its increase accompanies subjective 
evaluations of discomfort and indicates the onset of exces- 
sive heat stress. 
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FIG. 4. Individual curves for plasma cortisol in 3 subjects exposed 
to condition D before (@—@) and after (O---O) 5 days repeated 
exposures (days | and 6, respectively). 


The healthy, resting and non-acclimated men examined in 
these experiments had been matched up for their physical 
characteristics and fitness; therefore, their reactions to phys- 
iological variables and their plasma cortisol rises were simi- 
lar. In Experiments A and B the cortisol increases began at a 
mean rectal temperature of about 38°C, corresponding 
roughly to comparable body heat storage levels. Plasma cor- 
tisol levels were unaffected by exposure C as compared to 
control day values. This latter condition is indeed known to 
be well tolerated, as was confirmed by subjective ratings. 
The rectal temperature averaged 38°C only at the end of 
exposure. 

It is not surprising that increasing discomfort is mainly 
correlated to the rectal temperature because the increasing 
trend in unpleasantness is accompanied in all conditions by a 
continuous drift of T,., whereas cortisol levels rose suddenly 
before the end of exposure when poor heat-tolerance oc- 
curred (experiments A and B). Cortisol levels were signifi- 
cantly different from control levels at the time at which sub- 
jects complained of unpleasantness and disagreeable feelings 
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such as headaches or paresthesiae. Thus, these results lead 
to the conclusion that the continuous increase in rectal tem- 
perature, corresponding to body heat storage, reflects the 
external heat stress, whereas the sudden increase in the cor- 
tisol level, concomitant with a subjective signal, reflects the 
internal heat disorder for which cortisol seems to be a more 
reliable index than body temperature. Cortisol releases and 
discomfort are likely related to the General Adaptation Syn- 
drome and thus are parts of an overall CNS response to heat 
stress. 

The relationship between rectal temperature and cortisol 
levels agrees with that of Collins [9], who reported increased 
cortisol levels when tympanic temperatures exceeded a 
‘‘critical’’ level. Such a threshold temperature for cortisol 
response in man is similar to the threshold temperature for 
microwave-induced corticosterone rises in rats, as reported 
by Lotz and Michaelson [24]. Thus, it appears that individual 
tolerance times, predicted from physiological variables, as 
suggested by other authors [3, 5, 18, 23, 31], are in accord- 
ance with those which could be predicted for fit subjects 
from the results of experiments A, B and C. 

Differences in physical characteristics or sex, which are 
thought to be important factors in the relationships between 
physiological variables and tolerance time [2,28] and addi- 
tional factors such as physical unfitness, hypotension or 
physical discomfort due to uncomfortable posture, may re- 
duce tolerance time. A discrepancy between endocri- 
nological and physiological indices had in fact been 
observed previously in two subjects sitting in an uncomfort- 
able position and in a hypotensive subject (unpublished re- 
sults). Sharp rises in their plasma cortisol levels, reflecting 
their assessment of unpleasantness, occurred at much lower 
skin and core temperatures than in other subjects. The role 
of posture clearly emerged from the report of Bell [3] com- 
paring computed tolerance-time curves for sitting, standing 
or working men, and his data tally with our own findings. 
Similarly, the comparison between subjects on a low Na diet 
and others on a high NA diet under the same climatic condi- 
tions shows a difference in heat tolerance as indicated both 
by cortisol increases and by subjective ratings [15]. 

The latter observations underline the importance of ac- 
companying factors which reduce the heat tolerance time 
and may account for the discrepancy between the results of 
authors who found that plasma cortisol levels increased in 
some subjects and decreased in others quite independently 
of body temperature [10,20]. 

It is well known that repeated heat exposures, which 
shorten the sweating time-lag, increase sweating rates and 
thus diminish body heat storage and increase heat tolerance 
[16]. The cortisol curves for subjects before and after 5 days 
of daily humid exposure gave evidence of this difference. 
These results are not consistent with those of Bonner [6] who 
reported no change in plasma cortisol levels after acclimati- 
zation but they do support the view of Davies et al. [12] ofa 
reduction in thermal strain achieved by lower body tempera- 
tures and reduced plasma cortisol under the same environ- 
mental conditions after acclimatization. The lower cortisol 
response on the last experimental day does not only reflect 
the physiological changes resulting from the acclimation 
process, but may also reflect the coping with the climatic 
chamber situation which enables the organism to tolerate 
stressful stimulus, such as acute heat exposure, much better. 
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FRIEDMAN, M. I., I. RAMIREZ, G. N. WADE, L. I. SSEGEL AND J. GRANNEMAN. Metabolic and physiologic 
effects of a hunger-inducing injection of insulin. PHYSIOL. BEHAV. 29(3) 515-518, 1982.—Rats injected subcutaneously 
with 5 U/kg of regular insulin increased food intake above control levels in a 2 hr test and showed a median latency to eat of 
59 min. One week later, rats were injected again with saline or insulin (5 U/kg), deprived of food and killed 60+ 10 min later. 
Insulin treatment produced a marked reduction in plasma glucose, plasma ketone bodies and liver glycogen, as well as a 
marked acceleration of gastric emptying. The results indicate that a variety of changes in peripheral metabolism and 
physiology may underlie the increase in food intake observed after insulin injection and that it is premature to ascribe the 
hunger-inducing effect of insulin treatment solely to a decline in blood glucose. 
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Glycogen 
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THE hunger-inducing effect of insulin injections has been 
attributed to the decrease in blood glucose which results 
after administration of the hormone [13, 23, 25]. Receptor 
cells located in the brain which are sensitive to a decrease in 
glucose utilization during hypoglycemia are thought to trig- 
ger the eating response after insulin [13, 23, 25]. However, 
insulin has a number of metabolic actions besides hypogly- 
cemia (see [15]). In addition to the hormone’s direct effects 
on the uptake and utilization of a variety of metabolic fuels, a 
number of responses including glucagon, adrenaline and gas- 
tric acid secretion occur during hypoglycemia [4, 5, 19]. 
Such actions of insulin would be expected to lower the avail- 
ability of a variety of metabolic fuels as well as result in 
depletion of liver glycogen and gastric contents, alterations 
in peripheral metabolism which have been suggested as 
signals for hunger [6, 12, 21]. As yet, no study has been made 
of a range of metabolic and physiologic effects of insulin 
which might be observed at a dose which elicits eating and at 
a time relevant to the behavioral response. Therefore, the 
purpose of the experiments described below was to examine 
a broad range of metabolic parameters following an injection 
of insulin which produces a reliable increase in food intake 
and to do so at a time which is relevant to the occurrence of 
insulin-induced eating. 





METHOD 
Subjects 


Thirty-three male Charles River CD rats weighing 307- 
377 g were used. Rats were maintained on a 12/12 hr light/ 
dark cycle with lights on at 8:00 a.m. Purina Laboratory 
Chow and tap water were available ad lib, except when noted. 


Procedure 


The experiment was performed in two phases. In the first 
part, rats were weighed and injected subcutaneously with 
either 5 U/kg regular insulin or 0.9% saline ( 1 ml/kg) at 9:00 
a.m. Each rat was injected with insulin or saline in a coun- 
terbalanced order. Rats given saline first were tested with 
insulin 3 days later; rats given insulin first were tested with 
saline | week later. Following injection, rats were observed 
in their home cages continuously for 2 hr through a two-way 
mirror from an adjoining room. Latencies to eat (in min) 
were recorded and total food intakes for the 2 hr test were 
measured (to the nearest 0.1 g). 

One week after the last feeding test, rats were randomly 
divided into three groups for the second phase of the study. 
One group was killed by decapitation for physiologic de- 
terminations at 9:00 a.m. (control). Rats in the other two 
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groups were injected with either 5 U/kg insulin or saline and 
killed 60+10 min later, a time determined by the results of 
the feeding tests (see below). In order to assess the physi- 
ologic effects of insulin independent of its effect on food 
intake, rats were deprived of food following injections. 

Trunk blood was collected in chilled, heparinized tubes 
and centrifuged at 4°C to obtain plasma. Aliquots of plasma 
were assayed for glucose with a Beckman Glucose Analyzer 
II (glucose oxidase method), free fatty acids (FFA) accord- 
ing to the Dole [7] procedure as modified by Trout ef a/. [26], 
glycerol and triglycerides according to a modification [18] of 
the enzymatic procedure of Wieland [27], and total ketone 
bodies (acetoacetate and B-hydroxybutyrate) using a modifi- 
cation of the enzymatic procedure of Bates et al. [2]. The 
production of NADH in the glycerol, triglyceride and ketone 
assays was measured fluorometrically. 

Following blood collection, a small piece of liver was re- 
moved, immediately frozen in an acetone/dry ice bath and 
stored at —37°C for later assay of glycogen according to a 
modification of an enzymatic procedure [16]. Stomachs were 
removed and the contents emptied and dried at 80°C for 
determination of the weight of gastric contents. Epididymal 
fat pads were removed and assayed for lipoprotein lipase 
(LPL) activity according to the method of Shotz et al. [22]. 
Activity was expressed as pmol FFA released/hr/mg protein. 


RESULTS 


After injection of saline, only 6 out of 33 rats ate during 
the 2 hr feeding test. The median latency to eat in these six 
rats given saline was 65 min (range, 10-110 min). After injec- 
tion of insulin, 30 out of 33 rats ate during the observation 
period. The median latency to eat in these animals was 59 
min (range 8-100 min). Insulin injection reliably increased 
food intake in the 2 hr test period, #(32)=7.47, p<0.001. 
After insulin injections, rats ate 2.1+0.2 g(mean+S.E.M.) of 
food compared to 0.4+0.2 g after saline. Rats that ate after 
saline injection, ate only once during the test, whereas rats 
that ate after insulin treatment ate in 1-4 bouts (mean=?2; 
data not shown). 

Physiologic measures after insulin injection were taken at 
a time, determined by latencies to eat in the feeding test, 
when approximately 50% of rats given insulin would be ex- 
pected to have begun eating (Table 1). Rats given insulin 
showed a marked reduction in plasma glucose and liver 
glycogen by 50-70 min after injection in comparison to both 
control and saline-treated rats. Rats given saline showed no 
change in plasma glucose from control levels and a slight, but 
not reliable, decrease in liver glycogen after one hour of food 
deprivation. Plasma ketone body concentrations were de- 
creased in rats given insulin compared to saline-treated 
animals. Although ketone levels in insulin-treated animals 
were decreased from control values by 41%, this effect was 
not statistically significant. Rats given saline and deprived 
for one hour had less food in their stomachs than controls, 
whereas rats injected with insulin had substantially less gas- 
tric contents than both saline-treated and control rats. 
Plasma triglycerides decreased similarly in both injected 
groups after food deprivation. There were no differences be- 
tween groups in plasma FFA, plasma glycerol or adipose 
tissue LPL activity. 


DISCUSSION 


The results of the present experiment show that an insulin 
injection which reliably increased food intake in rats has a 
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TABLE i 


EFFECTS OF INSULIN ON VARIOUS 
PHYSIOLOGICAL PARAMETERS 





Control Saline 5 U/kg insulin 





Plasma (1 ml) 
Glucose (mM) 


FFA (mM) 
Glycerol (mM) 
Triglycerides (mM) 
Ketones (mM) 


Liver Glycogen 
(% wet wt) 
Stomach Contents 
(g dry wt) 
Adipose LPL 
(umol/hr/mg prot) 





Values are mean + S.E.M. Control rats were killed at 9:00 a.m. 
Saline- and insulin-treated rats were injected at 9:00 a.m., food de- 
prived and killed 60 + 10 min later. 

*Significantly different from control, p<0.05. 

*Significantly different from saline, p<0.05. 


variety of physiologic effects. In addition to lowering plasma 
glucose levels, insulin treatment also lowers plasma ketone 
body concentrations, produces a marked depletion in liver 
glycogen, and accelerates gastric emptying. These latter ef- 
fects of insulin which were observed in this experiment are 
consistent with actions of the hormone and the well known 
compensatory responses which occur after its administration 
in nonphysiologic doses. Insulin inhibits ketogenesis in liver 
both by reducing the supply of FFA through its antilipolytic 
effect [8,9] as well as directly by altering the balance be- 
tween esterification and oxidation [1,14]. Inasmuch as FFA 
levels were not reduced by insulin in the present study, it 
would appear that the reduction of plasma ketones was the 
result of a direct effect of insulin on hepatic ketogenesis (see 
also [3]). Increased sympathetic activity which occurs during 
insulin-induced hypoglycemia, as well as the fall in blood 
glucose concentration, have been shown to increase the se- 
cretion of adrenaline and glucagon [4,19], two hormones 
which promote glycogenolysis. Finally, insulin treatment in- 
creases gastric acid secretion and motility through vagal ac- 
tivation [5] and this increase in gastric activity may be ex- 
pected to promote emptying of food from the stomach. 
Presumably, the provision of metabolic fuels from the stom- 
ach and liver are part of a counterregulatory response to the 
decrease in circulating metabolic substrates produced by in- 
sulin injection. 

In physiologic concentrations, insulin inhibits lipolysis [8] 
and increases the activity of adipose tissue LPL [20]. How- 
ever, when given in large doses, insulin elicits a sympathoad- 
renal response which would tend to counteract these normal 
actions of the hormone. The failure to observe a decrease in 
plasma FFA and glycerol, which would be expected when 





INSULIN-INDUCED EATING 


lipolysis is inhibited, may have been due to increased sympa- 
thetic activity which would promote lipolysis and thereby 
offset the effects of insulin. The failure of insulin treatment 
to increase LPL activity may also have been due to in- 
creased sympathetic activity since catecholamines have 
been shown to inhibit the activation of the enzyme by insulin 
[28]. In addition, more than one hour may be required to 
increase LPL activity with insulin [20]. 

Cerebral, gastric and hepatic mechanisms have been im- 
plicated in the control of food intake in rats. The results of 
the present study indicate that eating elicited by injection of 
insulin is associated with all of these factors, although the 
relative contribution of each remains to be determined. 

Cerebral glucoprivation resulting from decreased plasma 
glucose has long been thought to provide the stimulus to eat 
after insulin administration [13, 23, 25]. However, because 
insulin also lowers the level of circulating ketone bodies, 
which along with glucose constitute the primary substrates 
for brain metabolism (see [18]), any cerebral stimulus to eat 
after insulin injection is probably better characterized as an 
energetic emergency, and not simply as glucoprivation. De- 
pletion of gastric contents by removal through a fistula [24] 
or via normal emptying [6] has been shown to induce eating 
in rats. Because, as reported above, injections of insulin ac- 
celerated gastric emptying by 70%, it is possible that signals 
associated with an empty stomach may also contribute to the 
stimulation of eating by insulin. 

Changes in hepatic metabolism have been implicated in 
the control of food intake [12,22] as well and results from the 
present experiment provide ample evidence that liver me- 
tabolism is altered dramatically by a hunger-inducing injec- 
tion of insulin. Approximately one-third of liver glycogen 


stores are depleted by an hour after injection of insulin. 
Whereas changes in glycogen per se may not provide a signal 
to eat [10,11], such a dramatic reduction in glycogen stores is 
certainly indicative of a substantial alteration in hepatic me- 
tabolism. The decrease in plasma ketone bodies observed 
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after insulin treatment also is indicative of altered liver me- 
tabolism and, as noted above, may reflect a reduction in the 
oxidation of FFA. This decrease in fatty acid utilization, 
together with an increase in glucose production from liver, 
would appear to limit fuel oxidation by liver. It has been 
suggested previously that such a change in hepatic metabo- 
lism may underlie the occurrence of hunger [12]. 

Steffens [25] has shown, by sampling blood periodically 
from unrestrained rats, that eating after injection of insulin 
begins when blood glucose levels fall below approximately 
2.8 mM (approximately 4.0 mM for plasma). Because, in the 
present experiment, physiologic measures were made at only 
one time point, it is not known whether changes in plasma 
ketones, liver glycogen, or gastric contents also precede eat- 
ing induced by insulin injection. Like the eating response, 
gastric acid and adrenaline secretion are elicited when 
plasma glucose levels decline below a similar threshold level 
[4,5]. Although direct comparisons of these three responses 
to insulin treatment have not been made, this may suggest 
that the gastric and adrenomedullary secretions are at least 
concomitants of insulin-induced eating. On the other hand, it 
is likely that the decrease in plasma ketones observed after 
insulin treatment occurs prior to the onset of eating. The 
antiketogenic effect of insulin can result from a direct action 
of the hormone on liver [1,14], it occurs at very low doses 
[3,9], and coincides with the effect on blood glucose [3]. In 
any case, the results of the experiment reported here suggest 
that it may be premature to ascribe increased eating after 
insulin injection solely to the effect of the hormone on blood 
glucose. 
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TSUDA, T. T., Y. KISHINO AND T. KATSUNUMA. Anorexigenic substance isolated from feces of rat and mouse. 
PHYSIOL. BEHAV. 29(3) 519-525, 1982.—.A substance was isolated from the feces of conventional rats and mice which 
were fed laboratory diets. Marked reduction in food intake occurred for a few hours after intraperitoneal administration of 
this substance, while water intake also decreased. Two hr after the injection, when the anorectic effect appeared to be the 
strongest, no change was found in body temperature or blood glucose, but free amino acids in plasma were decreased. A 
comparative study using germfree and conventional mice indicated that the anorexigenic substance was produced by 
gastrointestinal microflora, since the yields of the anorexigenic substance from germfree mice was less than one tenth of 
that from conventional mice. A partially purified form of the substance, with large molecular weight, was isolated by 
Sephadex G-150 fractionation. It contained protein but the anorexigenic activity was not diminished by protein digestion. 
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EATING behavior is thought to be modulated basically by 
feeding and satiety centers which are located in the lateral 
and ventromedial hypothalamus, respectively. Some 
exogeneous and endogeneous factors are believed to mod- 
ulate feeding behavior through the central nervous system. 
An anorexigenic substance has been isolated from urine of 
fasted rats by Beaton et al. [1,2]. Endogeneous organic acids 
which probably regulate feeding have been isolated from the 
blood of fasted rats by Oomura’s group [14,16]. An 
anorexigenic peptide, with a molecule similar to that of 
thyroid releasing hormone (TRH), has been isolated from the 
urine of anorexia nervosa patients [15], and a peptide, named 
satietin, was isolated from the blood of human [11]. 

We have obtained a partially purified anorexigenic sub- 
stance, molecular weight more than 68,000, from feces of 
conventional (CV) rats and mice. 

One purpose of the investigation reported here was to 
show that the anorexigenic substance is produced and is 
present in the feces of normal mice and rats. Also by analyz- 
ing feces of CV and germfree (GF) animals, the contribution 
of gastrointestinal microflora to the production of the 
anorexigenic substance was examined. 


METHOD 


Animals, Apparatus and Diet 


Diets. A laboratory stock diet for CV rats and mice 
(CLEA CE-? in pellet or powder form, Clea Japan Inc., To- 
kyo) was used as a standard diet. 





A chemically defined, low-molecular weight and filter- 
sterilizable diet (CD diet) containing known nutrients in 
chemically pure form was provided. The diet consisted of 
chemically defined water-soluble nutrients, an amino acids 
mixture, glucose, vitamins and minerals; plus water- 
insoluble nutrients, corn oil and vitamins (exact composi- 
tion, [7]). 

Animals used for bioassay and biological experiments. 
Male CV rats of the Wistar strain weighing about 140 g were 
fed by a powder form stock diet, housed individually in 
screen bottomed stainless steel metabolism cages (Model 
CT-10, Clea Japan Inc., Tokyo) and kept in the animal room 
lighted from 0700-1900. Room temperature was controlled at 
24+2°C. They were allowed free access to a stock diet from 
1700 to 1000, except on the day of blood sampling. Water 
was provided ad lib. Body weight, daily food intake and daily 
water intake were measured at 1000 every day. Rats showing 
constant growth were chosen. When the mean body weight 
reached 180 g and the mean food intake 17 g/day, the exper- 
iment was carried out. Rats were previously trained to be 
handled at 1630 for 5 days before each experiment in order to 
diminish stress of handling. 

Animals and apparatus used for excretal collection. The 
CV rats, weighing about 180 g, were prepared the same as 
rats for the bioassay described above. One group was fed a 
stock diet continuously and the other was fed a CD diet until 
the collection time. 

Male CV mice of the ICR strain (Clea Japan Inc., Tokyo), 
10 weeks old, were fed the CD diet. They were housed indi- 
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TABLE 1 
FRACTIONATION OF THE ANOREXIGENIC SUBSTANCE 





Starting material 


Partially purified 
anorexigenic substance 


Crude 
extract 





Animals Excreta 


Activity 
(units) 


Protein Protein 
+AA (mg)t (mg) 


Quantity 
(g or ml) 





Feces 
Urine 
Feces 
Feces 
Feces + Urine 
Feces+ Urine 


(a) CV rats fed stock diet 
(b) CV rats fed stock diet 
(c) CV rats fed CD diet 
(d) CV mice fed CD diet 
(e) CV mice fed CD diet 
(f) GF mice fed CD diet 


Stock diet 
Chemically defined synthetic diet 


30 g 850 
90 ml 600 
45g 58 
0.9¢g 23 
0.9 g 160 
n.d.* 110 


20 g 360 
100 ml 1,400 





Values, mean (n, 2 to 5 experiments). Excreta was combined per group of 5 animals times | day (a—e) or 


5 mice times 3 days (f). *Weight was not determined. Lower 2 lines represent fractionation of the 


substance from the diets. tProtein + amino acids, this value was determined by the method of Lowry as 
phenol reagent positive substances. Partially purified anorexigenic substance refers to a mixture of frac- 
tions 1 and 2 of Sephadex G-150 column chromatography. Activity, total units. One unit was represented 
as the minimum amount of the substance which cause a 25% reduction in daily food intake of rats. 


vidually in screen bottomed stainless metabolism cages 
(Model CT-10, Clea Japan Inc., Tokyo) or screen bottomed 
glass metabolism cages (Model MC-S5ST, Sugiyamagen Ltd., 
Tokyo). 

Male GF mice of Jcl:ICR strain (Clea Japan Inc., Tokyo), 
10 weeks old, were purchased or bred in our institute and 
kept in Trexler type vinyl isolators. They were fed the CD 
diet. The sterility of animals and isolators was determined 
according to the method recommended by the Committee for 
Standardization of Sterility Test for Germfree Animals in 
Japan [7]. 

In all cases, food and water were allowed ad lib. Room 
temperature was maintained at 24+2°C with a 12-hr cycle of 
light (0700-1900). 


Collection of Feces and Urine 


When animals were fed a CD diet, collections were 
started 10 days after the dietary change. 

Feces and urine of CV rats and mice housed in the me- 
tabolism cages were separately collected once a day and 
combined per group of five animals. Funnels of the cages 
were sterilized with ethanol. Feces was collected in 100 ml 
glass jars each of which contained 50 ml of 0.9% NaCl solu- 
tion and | ml of toluene. Urine was collected under toluene 
to prevent effects of septic bacteria or evaporation. 

The feces and urine of the GF mice were collected to- 
gether because use of metabolism cages in the vinyl isolators 
was difficult. For comparison, feces and urine of CV mice 
housed in ordinary cages were also collected together. Col- 
lections were made every three days for the GF mice or 
every day for the CV mice, and combined per group of five 
mice. 

Thus the CV samples were 5 animals times | day and the 
GF samples were 5 mice times 3 days. 


Isolation and Purification 


Extraction. All procedures were performed at 4°C. Each 


feces samples was extracted with sufficient volume of 0.9% 
NaCl solution for 5 hr and centrifuged at 15,000 x g for 15 
min, the supernatant was collected as a crude extract (Table 
1). 

Extract of the stock diet with 0.9% NaCl solution and the 
original CD diet were used for comparison with the respec- 
tive feces extracts. 

Purification. All procedures were performed at 4°C unless 
otherwise stated. Alcoholic benzoic acid was added to the 
crude extract (step 1) to adjust to pH 5.3 and ethanol was 
added to make a 70% (vol/vol) solution at —8°C. The precipi- 
tate (step 2) was collected by centrifugation at 15,000 x g for 
15 min, and dissolved with distilled water. The water soluble 
fraction was discarded by centrifugation and the remaining 
precipitate was dissolved in 0.5% sodium carbonate solution. 
The solution was centrifuged and 3 ml of the supernatant 
(step 3) was applied to a Sephadex G-150 column (2.590 
cm) equilibrated with 0.01 M Tris-phosphate buffer, pH 7.0 
(Fig. 1). Elution was carried out using the same buffer and a 
flow rate of 15 ml/hr. After 6.2 ml/tube was collected, the 
absorbance was measured at 280 nm. After absorbance was 
first observed at 280 nm, the eluate of the following ten tubes 
was gathered. These were termed fraction 1, fraction 2, frac- 
tion 3 and fraction 4, consecutively. Each fraction was 
dialyzed against distilled water for 16 hr and concentrated by 
lyophilization. Protein, neutral hexose and anorexigenic ac- 
tivity were determined. The elution profile of absorbance for 
alternate samples at 280 nm and total activity of each fraction 
are shown in Fig. 1. Figure | is an example of elution profile 
in which feces of CV rats were used as a starting material. 

Anorexigenic activity was mainly found in fractions | and 
2. Unless otherwise stated partially purified anorexigenic 
substance refers to a mixture of fractions 1 and 2 (Table 1). 
This was dialyzed against 0.9% NaCl solution before intra- 
peritoneal (IP) injection. 

As can be seen in Table 1, a substance with anorexigenic 
activity could not be isolated from the CD diet, but could be 
isolated from the stock diet. 
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FIG. 1. Gel filtration on Sephadex G-150 column. The sodium carbonate extract (step 3, 
Method) from feces (40 mg protein/3 ml) was applied to a column (2.590 cm). Chroma- 
tography was performed with 0.01 M Tris-phosphate buffer, pH 7.0. Flow rate was 15 
ml/hr and 6.2 ml/tube was collected. Absorbance at 280 nm of every other tube was 
measured (O---O). Blue dextran (BD, void volume), bovine serum albumin (BSA, mol. 
wt. =68,000) and pyridoxal phosphate (PLP, mol. wt.=274) were used as markers. The 
eluate in ten tubes which had absorbance at 280 nm were gathered and termed fraction | 
(Fr-1), fraction 2 (Fr-2), fraction 3 (Fr-3) and fraction 4 (Fr-4) consecutively. Open bars, 
total activity (units) in each fraction. A mixture of Fr-1 and Fr-2 was used as the partially 


purified anorexigenic substance. 


Bioassay Procedure for the Partially Purified Anorexigenic 
Substance Using Rats 


Administration. The partially purified anorexigenic sub- 
stance, 0.18 to 1.4 mg/rat, which was dissolved in 0.8 ml of 
0.9% NaCl solution, was injected at 1630 IP into rats. The 
exact dose used in each experiment is described in the rele- 
vant figure legends and table footnotes. As a control, 0.8 ml 
of 0.9% NaCl solution was used. All rats were randomly 
numbered and injected with the substance one time. Daily 
and hourly food and water intake and body weight of each rat 
were measured blindly. 

Daily food and water intake. Daily food intake (g/day); 
pre-weighted food was allowed at 1700 and the remaining 
food was removed after feeding at 1000 the next morning. 
The weight of food consumed spontaneously by an individ- 
ual rat (total 17 hrs) was measured. The spillage of uncon- 
sumed diet was neglegible. Daily water intake (mi/day); the 
volume of water consumed by an individual rat from 1000 to 
1000 (total 24 hrs) was measured as the difference in volume 
of water before and after drinking. The spillage of water was 
corrected. 

Hourly food and water intake. Food intake and water 
intake were measured at two hourly intervals between 1700 
and 2300 and the final measurement was made at 1000. 
Hourly food intake (g/hr) and hourly water intake (ml/hr) 
were then calculated. 


Definition of the Anorexigenic Activity and Determination of 
the Unit 


The partially purified anorexigenic substance was in- 
jected IP into rats at 1630. The percentage reduction in daily 
food intake of each rat was calculated by the following for- 
mula. The anorexigenic activity was defined as the percent- 
age reduction in daily food intake. 


Daily food 
intake before 
injection 
(g/day) 


Daily food 
intake after 
injection 
(g/day) 


Anorexigenic 





activity 
Daily food 
intake before 
injection 
(g/day) 


In this report one unit was represented as the minimum 
amount of the substance which caused a 25% reduction in 
daily food intake. The quantity (mg) of the partially purified 
anorexigenic substance was represented as protein mg. 


Additional Biological Activity of the Partially Purified 
Anorexigenic Substance 


Body temperature. Rectal temperature was measured at 
1000, 1600 and 1830 by thermister probe. 

Metabolic changes. On the day of blood sampling food 
was removed at 1000 as usual and not returned for the rest of 
the experiment. The partially purified anorexigenic sub- 
stance (2.5 units/rat) was injected at 1630. The rats were 
anesthetized by IP injection of pentobarbital (6 mg/100 g 
body weight) at 1830. Blood from the abdominal aorta was 
collected into a heparinized syringe. Liver and kidney were 
removed, and fixed with 10% Formalin for histological exam- 
ination. 

Blood was centrifuged at 3,800 x g at 4°C for 10 min. 
Glucose, free amino acids, glutamic pyruvic transaminase 
(GPT, EC 2.6.1.2) and glutamic oxaloacetic transaminase 
(GOT, EC 2.6.1.1) in plasma were determined. 
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FIG. 2. Effect of a single injection of the anorexigenic substance on 
daily food, daily water intake and body weight. The partially purified 
anorexigenic substance (2 units/rat) (@—@) or 0.9% NaCl solution 
(O---O) was injected in 0.8 ml to rats intraperitoneally as arrows 
indicate. Values, mean+SD (n=6). *p<0.05. 


Chronic Effect 


Rats were observed for 7 days after ordinary (1 to 2.5 
units/rat) or large (6 units/rat) injections for general symp- 
toms and behavioral changes. Assays of plasma GPT and 
GOT and histological examinations of liver and kidney were 
performed at 17 hr and 7 days after injection. 


Protein Digestion and Heat Treatment 


Digestion was carried out under ordinary conditions 
[9,12] using pronase (Pronase P, 750 tyrosine-units/mg; 
Kaken Kagaku Ltd., Tokyo) and pepsin (Pepsin, 2682 
units/mg; Worthington Ltd., NJ, USA). Pronase digestion 
was carried out at 38°C for 240 min in 0.01 M Tris-phosphate 
buffer, pH 7.0. Pepsin digestion was done at 25°C for 60 min 
in 0.2 M pyridine-acetate buffer, pH 2.0 and the digested 
sample was frozen immediately and lyophilized. The remain- 
ing material was dissolved into distilled water and the pH of 
the solution was about 7.0. 

Digestion of the protein was judged by sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis. 

Heat treatment of the anorexigenic substance (0.28 mg/ml 
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FIG. 3. Dose response curve. Percentage reduction in daily food 
intake caused by several doses (mg/rat) of the partially purified 
anorexigenic substance indicated by abscissa. Control rats (0 
mg/rat), intraperitoneally injected with 0.9% NaCl solution. Values, 
mean+SD (n, 3 to 7 rats). 


of 0.9% NaCl solution, pH was about 7.0) was performed in a 
boiling water bath at 100°C for 10 min then cooled in ice 
water. 


Biochemical Assay Methods 


Blood glucose was determined using glucose oxidase- 
peroxidase [3]. Free amino acids except for tryptophan were 
analyzed after being deproteinized with sulfosalicylic acid 
using a Hitachi autoanalyzer (Model 835, Hitachi Ltd., To- 
kyo). A sample of each plasma was analyzed for tryptophan 
as described using diaminobenzaldehyde [18]. GPT and GOT 
were determined as described elsewhere [8,17]. 

Protein was estimated by the method of Lowry [12] using 
bovine serum albumin as a standard. Neutral hexose was 
estimated as described by Winzler [20] using glucose as a 
standard and represented as glucose equivalent mg. Poly- 
acrylamide gel electrophoresis of the preparation was per- 
formed as described in [5]. SDS-polyacrylamide gel elec- 
trophoresis was done as described in [19]. The gels were 
stained for protein using Coomassie brilliant blue, and for 
carbohydrate using Shiff's reagent [21]. 


Calculations 


Mean and standard deviation were calculated. The signif- 
icance of the differences between the group was estimated 
by Student’s t-test and values for p<0.05 were taken as sig- 
nificant. 


RESULTS 


Biological Effects of Partially Purified Anorexigenic 
Substance 


Anorectic effect. As shown in Fig. 2, an IP injection of the 
partially purified anorexigenic substance into rats (2 
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TABLE 2 


EFFECT OF THE ANOREXIGENIC SUBSTANCE ON PLASMA COMPONENTS AND BODY 
TEMPERATURE OF RATS 2 HOURS AFTER INJECTION 





Anorexigenic 
substance 


Control 
(0.9% NaCl) 





Plasma Component 


Glucose (mg/dl) 

Free amino acids 
Total (nmol/ml) 
Essential (nmol/ml) 
Non essential (nmol/ml) 


Plasma Transaminase 
GPT (mIU) 
GOT (mIU) 

Body Temperature 


Rectal temperature at 1830 (°C) 
A rectal temperature (°C) 


37.7 ‘3 37.4+ 0.7 
+0.3 ¥. +0.3+ 0.4 





Values, mean + SD (n, 4 to 6 experiments). *p<0.05. Food was removed from 1000 to 
the end of the experiment, but water was allowed ad lib. The partially purified 
anorexigenic substance (2.5 units/rat) was injected at 1630, blood was obtained at 1830. 


A rectal temperature, (rectal temperature at 1830) — 


unit/rat) caused a 50% reduction in food and water intake 
on day 1. However, body weight did not decrease. 

In Fig. 3, each point represents the mean reduction in 
daily food intake of rats which were singly injected with each 
indicated dose. Figure 3 shows that the anorectic activity of 
the partially purified anorexigenic substance was dose de- 
pendent from 0.18 to 1.4 mg/rat. The activity of the control 
(0.9% NaCl solution) was —4.0 (n=10), in Fig. 3, since the 
daily food intake increased, probably due to growth. 

The significant anorectic effect observed on day | (Fig. 2) 
was further analyzed for the duration of day | as shown in 
Fig. 4. Food and water intake were measured at two hour 
intervals. The hourly food intake of the control rats was 1.4 
g/hr for the first period and 1.9 g/hr for the second period, but 
that of the injected rats decreased to 0.8 g/hr and 0.7 g/hr, 
respectively. Figure 4 shows that the most potent reduction 
in food intake occurred during the first 4 hr after IP injection 
of the substance. Water intake was also significantly lower 
within 4 hr, since the mean water intake was 1.7 ml/hr for 
controls and 0.7 ml/hr for the injected rats during the first 4 
hr, thereafter there was not any differences between the two 
groups (1.5 ml/hr). 

Additional metabolic changes. To investigate biochemi- 
cal change in the period when the anorexia was the most 
significant, plasma was analyzed for glucose and free amino 
acids at 1830 (Table 2). Plasma glucose level did not show 
any change. On the other hand, total amino acids concentra- 
tion was markedly reduced. When total amino acids was 
divided into two groups, both essential amino acids and 
nonessential amino acids decreased (Table 2). Thr, Lys, Arg, 
Tau and Ala decreased markedly. But Trp did not change 
(80.4+10.3 nmol/ml for control and 95.6+14.0 nmol/ml for 
tested, n=4 to 6). 

Body temperature. Body temperature was neither raised 


(rectal temperature at 1600). 
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FIG. 4. Effect of the anorexigenic substance on hourly food intake. 
The partially purified anorexigenic substance (0.7 unit/rat) was in- 
jected intraperitoneally at 1630 to one group of rats, and 0.9% NaCl 
solution was injected to control rats. Food intake during 1700-1900, 
1900-2100, 2100-2300 and during 2300-1000 was measured and 
hourly food intake (g/hr) for each period was calculated. Closed 
columns represent the test group and open columns represent con- 
trol. Values, mean+SD (n, 4 rats). *p<0.05. 











nor lowered by the substance at 2 hr (Table 2) and 17 hr after 
injection. 

Histological effect. No abnormality was seen in liver or 
kidney. 

Chronic effect. Even with large doses of the substance, 





TABLE 3 


COMPARISON OF THE YIELD OF 
THE ANOREXIGENIC SUBSTANCE 
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TABLE 4 


EFFECT OF PROTEINASE DIGESTION ON THE ANOREXIGENIC 
ACTIVITY OF THE SUBSTANCE 





Anorexigenic 
substance 
(units/head/day) 


Animals Excreta 





(a) CV rats fed stock Feces > 27 
diet 

(b) CV rats fed stock 
diet 

(c) CV rats fed CD diet 

(d) CV mice fed CD diet 

(e) CV mice fed CD diet 


(f) GF mice fed CD diet 


Urine , 0.1* 


Feces 

Feces 

Feces+ Urine . 1.6 
Feces+ Urine : 0.3* 





Activity of the partially purified anorexigenic substance isolated 
from various starting material expressed as total units/head/day. 
Values, mean + SD (n, 4 to 5 experiments) except for where no SD 
is shown. *p<0.025. 


rats did not show any abnormality and retained normal 
growth up to 7 days after injection. No physical or behav- 
ioral abnormality was observed by visual examination. 


Contribution of Gastrointestinal Microflora to the 
Production of Anorexigenic Substance 


The fecal anorexigenic substance was isolated from feces 
of CV rats and mice fed either stock diet or CD diet, and 
from feces of GF mice fed a CD diet. The yield of the par- 
tially purified anorexigenic substance is shown in Table 3, 
values were calculated as units/head/day. 

The activity obtained from feces was much larger than 
from urine, (a and b, in Table 3). A fair amount of the sub- 
stance could be obtained from feces of CV rats and mice fed 
a CD diet, (c, d and e, in Table 3). But from GF mice only a 
small amount of anorexigenic activity was isolated, (f, in 
Table 3). Compariing CV and GF mice, (e and f, in Table 3), 
it was noted that about 10 times more the substance was 
found in feces of CV mice than in that of GF mice. This 
difference in yield could be due to presence of gastrointesti- 
nal microflora, which may contribute to the production of 
the anorexigenic substance. 


Physicochemical Properties 


Effect of protein digestion on activity. After the substance 
was digested by pronase and pepsin, activity was neither 
enhanced nor diminished as shown in Table 4. 

Stability. The substance could be kept at —40°C for 6 
months without losing its activity. 

Heat stability. No precipitate of denatured protein ap- 
peared after heat treatment, at 100°C for 10 min. Further- 
more, the anorexigenic activity of the heated solution in- 
creased about 3 times compared to the original (n=5). 

Protein and neutral hexose contents. One unit of the par- 
tially purified anorexigenic substance, which was isolated 
from feces of animals fed a CD diet, contained 0.35 mg of 
protein and 0.22 glucose equivalent mg of neutral hexose. In 
polyacrylamide gel electrophoresis, many bands were 
stained for protein and some were also stained for carbo- 
hydrate. 


Activity 


Treatment (units) 





Pronase digestion 
Original activity 
Remained activity after incubation with 
pronase 
Remained activity after incubation 
without pronase 


Pepsin digestion 
Original activity 
Remained activity after incubation with 
pepsin 
Remained activity after incubation 
without pepsin 





Values, mean + SD (n, 4 to 5). The partially purified anorexigenic 
substance (0.4 mg/ml or 0.5 mg/ml) was digested with 19 tyrosine- 
units of pronase or 5.4 units of pepsin. Both enzyme alone did not 
show any anorexigenic activity. 


DISCUSSION 


We reported in the present experiment that an 
anorexigenic substance was isolated from feces of CV rats 
and mice. Although a similar substance has been isolated 
from urine by Beaton [1,2] and also by us, the anorexigenic 
substance was found to be in much larger quantities in feces 
than in urine. The advantage of using feces rather than urine 
is the possibility of directly analyzing the effect of gastroin- 
testinal microflora. In fact, we studied the effect of micro- 
flora on the production of the substance using GF and CV 
mice. Since the yield of anorexigenic substance from feces of 
GF mice was much less than that of CV mice, it is possible to 
postulate that gastrointestinal microflora may be producing 
an anorexigenic substance. 

The anorectic effect on rats was not obviously caused by 
the pyrogenecity or toxicity of the partially purified 
anorexigenic substance. This was concluded, since (1) body 
temperature did not change, (2) no change in the number of 
white blood cells occurred (not shown), (3) GOT and GPT 
were not raised, and (4) no abnormality was found in liver or 
kidney by histological examination. 

The well known glucostatic regulation theory states that 
blood glucose level regulates feeding behavior through the 
satiety and hunger centers. The substance investigated here 
does not appear to cause reduction of blood glucose level. 
Therefore it is fair to conclude that the substance does not 
express its anorectic activity through glucose level in the 
blood. It can also safely be stated that the substance does not 
cause anorexia by lowering body temperature. 

Some amino acids, for instance tryptophan, were re- 
ported to have an effect on food consumption in rats [6]. In 
this investigation, the concentration of tryptophan in the 
blood of rats injected with the anorexigenic substance did 
not differ from control rats, while total amino acids concen- 
tration significantly decreased. The significance of the re- 
duction in the amino acids concentration is unknown. We are 
currently pursueing this phenomenon in connection with 
anorexia. 
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The partially purified anorexigenic substance, used in this 
investigation, might not be a protein as the biological activity 
was unchanged by pronase or pepsin digestion. To be sure of 
the chemical properties of the anorexigenic substance ob- 
tained, further purification is essential. We are currently 
isolating it using DEAE-cellulose. 

From the biological and physiological aspect, it is inter- 
esting to observe the relationship between fecal substances 
and the animals. For example, rats utilize fecal vitamins 
produced by intestinal bacteria [4] and a biological active 
substance, produced by enteric bacteria, has been isolated 
[9]. 

The anorexigenic substance may be very helpful to use in 
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some biological experiments to study the regulatory mech- 
anisms of feeding behavior of animals. Furthermore, it 
would be interesting to investigate the production of 
anorexigenic substance as a function of the states of the 
microflora. 
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LEE, T. F., D. M. DENBOW, S. E. KING AND R. D. MYERS. Unique contribution of catecholamine receptors in the 
brain of the cat underlying feeding. PHYSIOL. BEHAV. 29(3) 527-532, 1982.—After a Collison cannula was implanted 
bilaterally in the cat for intracerebroventricular (ICV) injection, individual patterns of food intake were determined. A 
mixture of dry and canned cat food was provided to the animal every morning at the same time for 1.0 hr. Once intakes had 
stabilized, either norepinephrine (NE) or an adrenoreceptor blocking agent was infused in one lateral ventricle by gravity 
flow over an interval of 30-60 sec. NE given ICV in a dose of 25-75 wg 15 min before the period of feeding enhanced both 
the amount of food consumed by the cat and the duration of its feeding for up to 1.0 hr. When phentolamine in a dose of 
25-100 ug was infused 15 min prior to the feeding interval, the cat’s intake of food was attenuated in a dose-dependent 
manner, again in terms of both the quantity consumed and the interval of eating. Propranolol was essentially without effect 
on food intake. In the fully satiated cat, NE infused ICV 15-45 min following the termination of its morning feeding episode 
tended to augment food intake at the highest 100 ug dose, but the effect was not significant. The dose-dependent hypother- 
mia typically observed after NE is given ICV to the cat was found to be entirely independent of the feeding response. 
Overall, these findings show that noradrenergic pathways in the cat’s feeding system apparently bias or otherwise modulate 
the amount of food consumed. As in other species, the feeding mechanism appears to be mediated through a-adrenergic 


receptors presumed to be in the diencephalon of the cat. 


Feeding Hypothermia 
a-Adrenoreceptors and feeding 


Phentolamine 
Propranolol 


Norepinephrine 
Intracerebroventricular injection 


Eating behavior Thermoregulation 





TWENTY years ago reports began to appear which showed 
that the infusion of several chemical substances into the di- 
encephalon of the cat failed to induce either spontaneous 
feeding or drinking [11,15]. This was in contrast to the im- 
mediate feeding evoked in the rat by either epinephrine or 
norepinephrine (NE) applied to the hypothalamus or infused 
intracerebroventricularly [10,17]. Even earlier, changes in 
ingestive responses were not observed in the cat following an 
infusion of either catecholamine into the cerebral ventricle 
[7,9]. In experiments on thermoregulation in which the two 
catecholamines and other substances including serotonin 
were injected centrally, again spontaneous feeding was not 
reported [8]. Thus, the feline species has appeared to be an 
exception to the rat and monkey in that the central control of 
food intake does not seem to depend on a catecholamine 
receptor mechanism in the diencephalon [4, 10, 12]. 

In recent experiments, we have found that although NE 
injected ICV does not reliably evoke spontaneous eating in 
the fully satiated cat, this monoamine nevertheless can 
profoundly influence the animal’s feeding response. In the 





present study, we examined the possibility that the central 
physiological action of norepinephrine on feeding in the cat 
could be mediated locally by a- or B-adrenergic receptors. 
Previously, it has been suggested that these classes of recep- 
tors mediate or modify spontaneous eating produced by an 
intrahypothalamic injection of NE in the rat [13,26]. 


METHOD 


Adult cats, four female and one male, weighing from 2.9 
to 3.7 kg were housed individually in a colony room, illumi- 
nated on a 12 hr light cycle and maintained at an ambient 
temperature of 22-24°C. Every morning at 900-1000 hours, 
each cat was provided dried cat food (Purina Chow) supple- 
mented by canned cat food (Puss N’ Boots fish flavor) in a 
stainless steel bowl in an amount in excess of the daily re- 
quirement. During the 1.0 hr feeding session the food bowl 
was weighed every 15 min and the food intake was then 
recorded. Water was available in the cage ad lib in another 
stainless steel bowl. 


1Present address: Virginia Polytechnic Institute and State University, Blacksburg, VA 24061. 
2Send reprint requests to R. D. Myers, Center for Alcohol Studies, Medical School Bldg 207H, UNC School of Medicine, Chapel Hill, NC 


27514. 
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Surgical Procedure 


Each cat was anesthetized with 30-35 mg/kg sodium pen- 
tobarbital injected into the saphenous vein. Two stainless 
steel Collison cannulae were implanted aseptically, one in 
each lateral ventricle, following surgical techniques de- 
scribed previously [8]. Each guide tube was made from 18 ga 
thin-walled stainless steel tubing and soldered to a modified 
hub of the Collison base. The length of the cannula was cut so 
that the tip would rest immediately above the ventricular 
space at a depth of 10.0 mm below the dura mater [19]. After 
two craniotomy holes had been drilled bilaterally 5.0 mm off 
midline and 10.0-12.0 mm anterior to the interaural line, 
each guide cannula was lowered at an angle of 5° and then 
screwed into the skull. Two anchor screws were also in- 
serted into the bone just anterior and posterior to the guide 
cannula after which a thin layer of cranioplast cement was 
packed around the cannulae and screws. 


Infusion Procedure 


In order to establish contact with the ventricle, an infu- 
sion needle was fabricated from 20 ga stainless steel tubing 
and attached to a 90 cm length of PE tubing (Clay Adams) 
filled with an artificial CSF consisting of Na*, 127.65; K*, 
2.55; Ca**, 1.26; Mg**, 0.93; and Cl-, 134.58 mM [16]. The 
needle was lowered through each guide tube to a level just 
beyond its tip until outflow of CSF was observed. During an 
experiment, a given solution was infused by gravity in a 
volume of 300 ul over an interval of 30-60 sec. Each of the 
solutions for infusion was prepared immediately before an 
experiment in pyrogen-free artificial CSF and passed 
through a 0.22 wm Swinnex Millipore filter. On some occa- 
sions, 0.1 mg/ml ascorbic acid was added as an anti-oxidant 
to the solution. Initially, infusions were given every 24-48 
hrs; however, because of the resultant inconsistencies in 
baseline feeding values, the infusions were spaced to one or 
two per week in order that baseline food intakes achieved 
stability. Only the results following this latter procedure 
were considered for this paper. 

The following compounds were used: norepinephrine 
(L-arterenol) HCI (Sigma), phentolamine HCI (Ciba) and 
propranolol HCI (Ayerst). Doses in the Results section are 
expressed as micrograms of the salt. 


Physiological Measures 


Prior to the beginning of an experiment, a YSI 401 ther- 
mistor probe was inserted 8 to 10 cm into the cat’s colon and 
held in place by surgical tape wrapped gently around the 
base of its tail. The rectal temperature was recorded every 15 
min for at least 1.0 hr before an experiment and at 5.0 min 
intervals after infusion, usually from 900-1730 hrs. 

The effect of the compounds on the feeding response of 
the cat was determined under conditions of both satiation 
and food deprivation. In the satiated cat, the compound was 
injected ICV 0.5 hr following the daily 1.0 hr interval of ad lib 
feeding. After the ICV injection, food was available to the 
cat for an additional 1.0 hr. In the fasted cat, food was with- 
held for 20-22 hr and made available 15 min after the ICV 
injection had been given. Under both conditions, the g of 
food consumed was recorded every 15 min as long as the 
food was available to the animal. 

Other observations were recorded throughout the exper- 
iment including licking, grooming, drinking, pupillary size, 
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motor movements and instances of piloerection and shiver- 
ing. 


Histological Verification 


Upon completion of the experiments, the position of each 
cannula was verified according to standard histological pro- 
cedures. After the cat was administered an overdose of 
sodium pentobarbital, the heart was clamped and 0.9% saline 
followed by 10% neutral Formalin was perfused through the 
thoracic aorta. The brain was then blocked stereotaxically in 
the coronal plane and sectioned at 100 um thickness on a 
sledge cryotome. Each section was stained with a buffered 
cresyl violet acetate. 


RESULTS 


The stability of the daily intake of food is difficult to main- 
tain in the cat when an experimental condition of repeated 
ICV injections is used. As illustrated in Fig. 1, if an injection 
is done on a daily basis, the pattern of food intake becomes 
irregular. Figure 1 shows the marked increase in variance 
around baseline food intakes for two representative cats in 
relation to the frequency of ICV infusions over days. In Cat 
B (Fig. 1, top), responses to the respective compounds or 
control CSF infusion were more clear-cut because of the 
more stable baseline and reduced variance than those ob- 
served when the ICV infusions were more frequent. Thus, to 
analyze the effect of catecholamines or a blocking agent on 
central mechanisms for feeding in the cat, a relatively consis- 
tent set of baseline values of daily intake of food is required. 


Induction of Spontaneous Feeding by NE 


Following the ICV infusion of artificial CSF into the fully 
satiated cat, there was a slight increase in food intake (about 
25 g) and little change in core temperature. As shown in 
Fig. 2, a dose-related fall in core temperature of the animal, 
similar to that reported previously [20], was observed after 
NE infusion into the ventricle. Although ICV NE in the 
doses of 25, 50 and 100 wg augmented the food intake by an 
average of 22, 5 and 43 g, respectively (Fig. 2), none of the 
changes in feeding was significantly different from the CSF 
control value. 


NE and Adrenoreceptor Antagonists on Food-Deprived Cat 


In the fasted cat, an ICV injection of artificial CSF in- 
duced only an insignificant change in core temperature, illus- 
trated in Fig. 3, and had no effect on feeding when compared 
with the daily non-injection control value for food intake. As 
observed in the satiated cat, NE elicited the same kind of 
dose-related decline in core temperature with a maximum 
fall of about 1.5°C observed after the high ICV dose of 75 ug 
(Fig. 3). The amount of food consumed increased by more 
than 60 gm after NE injection of the two lower doses of 25 
and 50 wg and was enhanced significantly after the highest 
dose of 75 wg (p<0.01, Mann-Whitney U-test). 

When the a-adrenoreceptor antagonist, phentolamine, 
was infused ICV in a dose of 12.5 to 100 wg 15 min before 
food was made available to the cat, a dose-related inhibition 
of food intake occurred. Figure 3 also shows, however, that 
at the same time no significant alteration was produced in the 
core temperature of the animal. Although a slight enhance- 
ment of food intake was observed after the low dose of 50 ug 
of propranolol, the higher dose of 100 ug was essentially 
without effect (Fig. 3). An ICV injection of the higher dose of 
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FIG. 1. Representative patterns of food intake of two cats, B and C, 
over a 28-day series of ICV injections. Each solid horizontal line 
represents the mean daily food intake obtained on the days without 
injection and the dotted horizontal lines denote the standard error. 
Compounds infused (each arrow) ICV are abbreviated as in text with 
dose in wg denoted by the number. 


propranolol tended also to induce a dose-related fall in core 
temperature (Fig. 3) possibly because of a local anesthetic 
effect of the drug. 

The temporal characteristics of the actions of catechola- 
mine agonists and antagonists on the cat’s food intake are 
illustrated in Fig. 4. Within 15 min after food was offered 
following either the 50 or 75 wg dose of NE, the cat had eaten 
significantly more (p<0.05, Mann-Whitney U-test) than dur- 
ing the control (Fig. 4, top). Similarly, the intermediate doses 
of phentolamine had also attenuated the consumption of food 
as measured at the 15 min interval. The highest dose of 75 ug 
of NE augmented food intake to a mean of over 200 g 
(p<0.01), whereas the 100 ug dose of phentolamine reduced 
the cat’s intake of food to less that 90 g during the hr interval. 
Propranolol had a slight enhancing effect at the 50 ug dose 
but a suppressant effect on feeding at the high dose with 
neither change being significant. Following the ICV infusion 
of artificial CSF, the duration of the normal period of feeding 
averaged 45 min; however, this interval of eating (Fig. 4, 
bottom) was extended to 60 min following the highest dose of 
NE and reduced to almost 30 min after the 100 ug dose of 
phentolamine. Again, the B-adrenoreceptor antagonist given 
ICV failed to alter the duration of the cat’s feeding response. 


Representative Feeding and Temperature Responses 
Individual records of food intake and body temperature 
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FIG. 2. Mean g food intake (top) in satiated cats and change in their 
body temperature (bottom) over 1.0 hr, after ICV CSF (closed bar) 
or three doses of NE (open bar). Number (N) of cats in parentheses. 
Vertical line on bar indicates the SE. *p<0.05; **p<0.01. 


plotted over time are shown in Fig. 5 for a representative cat. 
In this particular animal the ICV injection (Fig. 5, upper left 
and right) of CSF and 100 wg propranolol was followed by 
only a slight decline in temperature, a response typically 
associated with the ingestion of food. However, 75 wg NE 
induced not only hypothermia (Fig. 5, lower left) but also a 
concomitant increase in the amount of food consumed to 
almost 250 g during the first 15 minutes. Conversely, 100 ug 
of phentolamine failed to alter the cat’s body temperature 
(Fig. 5, lower right) but caused a considerable reduction in 
food intake, i.e., to less than 100 g during the first 15 min- 
utes. Whereas food was usually ingested for 45-60 minutes, 
the phentolamine-treated cat ceased eating by the 30 minute 
interval. 


DISCUSSION 


The results of the present study strongly suggest that the 
catecholamine theory of feeding [10, 12, 18] may now apply 
to another category of mammalian species. However, the 
mechanism through which catecholamine receptors function 
in the evocation of an eating response appears to be unique 
for the feline species. Whereas the infusion of NE into the 
cerebral ventricle of the rat and monkey may produce an 
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FIG. 3. Mean g food intake in fasted cats (top) and change in body 
temperature (bottom) within 1.0 hr after ICV infusion of CSF, norep- 
inephrine (NE), phentolamine (PHT) or propranolol (PROP). 
Number (N) of cats is denoted in parentheses after each dose (ug). 
*p<0.05; **p<0.01. 


almost immediate and spontaneous ingestion of food, the 
main effect of the amine on the cat is different. In the feline, 
NE apparently serves to functionally bias the neuronal feed- 
ing mechanism in such a way that the normal feeding re- 
sponse, after a day’s fast, is enhanced. This has been shown 
also in the food-deprived rat in which NE or epinephrine 
applied to the hypothalamus potentiates feeding [10,23]. In 
this connection, catecholamine-induced feeding in the rat 
has been convincingly demonstrated to be pharmacologically 
mediated through a-adrenergic receptors [4,26] thought to be 
located in the medial hypothalamus [12]. In our experiments, 
phentolamine similarly tended to inhibit feeding whereas the 
B-receptor blocker, propranolol, failed to exert a significant 
effect on the cat’s ingestive response. 

One explanation for the failure of NE or other monoamines 
to stimulate feeding in the cat is the evolutionary difference in 
the feeding pattern of the cat species generally [22]. In the 
wild, for example, the larger cats tend to seek food at a 
two-day interval or on a less frequent basis [3,24], and the 
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FIG. 4. Food intake during first 15 min of feeding (top) and the 
duration of feeding interval (bottom) in fasted cats after CSF, NE, 
PHT or PROP given ICV. Number (N) of cats denoted in paren- 
theses. Vertical line indicates the SE. *p<0.05; **p<0.01. 


domesticated laboratory cat thrives on a once-a-day feeding 
regimen. These feeding patterns are in marked contrast to 
the far greater frequency of feeding by rodent and primate 
species upon which the catecholamine theory of feeding has 
been experimentally based [12, 17, 27]. 

Another possible reason why the satiated cat does not eat 
a significant amount of food following NE could be that 
alpha receptors are already occupied by the NE released 
during eating behavior [14]. Following satiation, therefore, 
an additional infusion of NE would not initiate further feed- 
ing. An analogy to this can be found in terms of the effect of 
NE applied exogenously to the thermosensitive region of the 
hypothalamus of a cat exposed to a high ambient tempera- 
ture. In this case, the magnitude of the hypothermic effect of 
NE is diminished presumably because endogenously re- 
leased NE already occupies receptor sites on the norad- 
renergic neurons involved in heat dissipation [6]. 

This interpretation coincides only partially however, with 
the supposition that noradrenergic receptors are located on 
satiety neurons in the medial hypothalamus [21]. For in- 
stance, when additional norepinephrine is superimposed on 
these neurons, the state of satiety would be inhibited by NE 
which consequently causes the animal to feed [13,21]. In the 
case of the cat, the pre-synaptic release of NE onto hypotha- 
lamic receptor sites must result in a rather complete occupa- 
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FIG. 5. Feeding (bar) and temperature (O—() responses of the 
fasted cat following ICV CSF (top left), 100 41g PROP (top right), 75 
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tion of the post-synaptic receptors to entirely offset the ex- 
ogenously given NE. 

Considerable experimental evidence as reviewed histori- 
cally by Stevenson in 1969 [27] suggests that the short-term 
control of food intake is closely linked to body temperature 
and to the regulation of the hypothalamic mechanisms for 
heat gain and heat dissipation [5]. In connection with the 
hypothesized role of the catecholamines in the control of 
both functions [25], NE applied locally to the anterior hypo- 
thalamus, an area originally considered by Andersson and 
Larsson [1] to integrate both functions, can evoke spontane- 
ous eating in the monkey and a simultaneous fall in its core 
temperature [28]. The present results with the satiated cat 
demonstrate a striking dissociation between a change in 
body temperature and the animal’s feeding response. Of par- 
ticular interest here is the absence of a relationship following 
NE infusion between the amount of food which the animal 
consumes during the precise interval in which its tempera- 
ture falls. 

This finding, therefore, implies that the single catechol- 
amine neurotransmitter could be utilized differentially by the 
neuronal systems underlying both feeding and thermoregu- 
lation. However, an anatomical study in the feline using local 
microinjection techniques [2] will be required to evaluate this 
viewpoint. 
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JEROME, C. AND G. P. SMITH. Gastric or coeliac vagotomy decreases drinking after peripheral angiotensin II. 
PHYSIOL. BEHAV. 2%3) 533-536, 1982.—After bilateral subdiaphragmatic vagotomy, rats drank later and less in re- 
sponse to peripherally administered angiotensin II [13]. We attempted to localize this deficit neurologically by performing 
selective gastric, hepatic or coeliac vagotomies. The drinking responses of such selectively lesioned rats to 0.1 and 1.0 
mg-kg~' angiotensin II (SC) were compared to those of total bilateral vagotomized rats and sham vagotomized rats. Gastric 
or coeliac vagotomy produced drinking deficits that were similar to those produced by total abdominal vagotomy, but 
hepatic vagotomy did not. These results demonstrate the importance of abdominal vagal mechanisms in the drinking 


response to circulating angiotensin II. 
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CIRCULATING angiotensin II is a potent dipsogen [3, 4, 5] 
and it mediates part of the drinking response to hypovolemia 
[4,17]. The primary site of action for circulating angiotensin 
II is the subfornical organ [15,16]. Structures in the region of 
the anteroventral third ventricle [2,10], especially the median 
preoptic nucleus [10], and in the preoptic region [1,12] are 
also responsive to centrally administered angiotensin II, but 
it has not been demonstrated that circulating angiotensin II 
has access to these structures. 

Given this central site(s) of action for circulating 
angiotensin II, the recent report by Rowland [13] that ab- 
dominal vagotomy decreased the drinking response to 
angiotensin II administered intravenously was surprising. 
We attempted to replicate Rowland’s results after total ab- 
dominal vagotomy and to extend them by investigating the 
effect of selective gastric, coeliac or hepatic vagotomy on the 
drinking response to peripherally administered angiotensin 
II. Our results confirm the deficits described by Rowland 
and extend his findings by demonstrating that selective gas- 
tric or coeliac vagotomy also inhibits the drinking response 
to angiotensin, but hepatic vagotomy does not. 


METHOD 


Subjects 


Thirty-eight male Sprague-Dawley albino rats (400-700 g) 
were housed and tested in individual wire mesh cages on a 
12:12 hr light/dark cycle, with lights on at 0700. Two weeks 
prior to surgery, all rats were adapted to a sweet milk diet 
consisting of 1 can Magnolia Condensed Milk mixed with 300 
ml water and | ml Poly ViSol vitamin and mineral supplement 
(a gift of Mead Johnson and Co.; Evansville, IN). This diet 
and tap water were available ad lib throughout the experi- 
ment except during drinking tests from Wahmann graduated 
cylinders fitted with rubber stoppers and stainless steel spouts. 


Surgery 

All surgery was performed under Chloropent anesthesia 
(2.5 ml-kg~', IP, Fort Dodge Laboratories, Inc., Fort Dodge, 
IA). Rats received one of the following types of vagotomy: 
total bilateral subdiaphragmatic vagotomy (n=5); gastric va- 
gotomy (n=10); coeliac vagotomy (n=8); hepatic vagotomy 
(n=6) or sham vagotomy (n=9), which served as the control 
group. The surgical procedures were described in detail 
previously [6]. 


Verification of Vagotomy 


At the conclusion of the experiment, rats were decapi- 
tated and completeness of the specific vagal disconnection 
was determined by G. P. S. with the aid of the Zeiss dissect- 
ing microscope (6-40) without knowledge of the drinking 
behavior. The vagotomies were judged complete if no nerve 
fiber connected the cut ends. Any connection between the 
cut ends, no matter how small or doubtful, was considered 
sufficient evidence of incomplete vagotomy and the data 
from that rat were discarded. Using this verification proce- 
dure, 5 of 5 total vagotomized rats (T), 10 of 10 gastric vagot- 
omized rats (G), 7 of 8 coeliac vagotomized rats (C), and 6 of 
6 hepatic vagotomized rats (H) were judged to have complete 
disconnections. Vagal innervation was judged to be intact in 
all 9 sham vagotomized rats. 


Procedure 


When drinking tests began, all rats had been allowed 2-4 
weeks postoperative recovery except the total vagotomized 
rats which were tested 8 months after surgery. At time of 
testing, all food and water intakes were stable and body 
weights of vagotomized rats were 90-95% of the body 
weights of rats that underwent sham vagotomy. 
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All rats were tested for drinking after subcutaneous (SC) 
injection of 0.1 or 1.0 mg-kg~'Asp~'Ile~*-angiotensin II 
(Calbiochem; LaJolla, CA) dissolved in 0.15 M NaCl im- 
mediately before injection. 

The test procedure was as follows: Liquid food and water 
were available until 1300 on the test day. Then food was 
removed and rats were weighed. Tap water, but not food, 
was available until the conclusion of the test at which time 
food was returned. At 1330, rats were injected with either 2 
ml-kg~' 0.15 M NaCl or 2 ml-kg™! of one of the two doses of 
angiotensin II and returned to their cages. Latency (min) to 
initiate drinking was determined for each rat, and water in- 
take (ml) was measured 0, 15, 30, 45, 60, 90 and 120 min. At 
120 min food was returned. Tests were separated by one day, 
and all rats were tested with 0.15 M NaCl as a control on the 
day preceeding administration of both doses of angiotensin 
Il. Each rat was tested once with each dose of angiotensin II. 

Gastric, coeliac, and sham vagotomized rats were also 
tested for their drinking response to hypertonic saline 4 days 
after their last test with angiotensin II. Liquid food and water 
were available until 1330. Food was then removed and rats 
were weighed. Tap water, but not food, was available until 
the conclusion of the test at which time food was returned. 
At 1400 rats were injected with either 0.15 M NaClor 1 M NaCl 
(1 ml-100 g BW~'," IP) and returned to their cages. Latency 
(min) to initiate drinking was determined for each rat and 
water intake (ml) was measured at 0, 15, 30, 45, 60, 90 and 
120 min. At 120 min food was returned. Each rat was tested 
first with 0.15 M NaCl and on the next day with 1 M NaCl. 


Data Analysis 


Analysis of Variance was performed for comparisons 
among all groups for water intake at 120 min (ml per 100 g 
Body Weight) after angiotensin II administration. Individual 
between-groups comparisons were then made using Tukey 
HSD test for multiple comparison. 

The data for the latency to drink after angiotensin II did 
not meet the assumptions necessary for parametric analysis. 
A Kruskal-Wallis one-way analysis of variance by ranks was 
performed on these data for comparisons among all groups 
and individual between-groups comparisons were made with 
the Nemenyi test [7]. 

All rats drank 0-1 ml in 2 hr following sc injection of 0.15 
M NaCl and there were no differences among groups for 
water intake or latency to drink. Therefore, these control 
data were not included in the analysis. 


RESULTS 


After peripheral administration of angiotensin II, gastric 
and coeliac vagotomized rats drank like total vagotomized 
rats—they drank little and they drank late. Hepatic vagot- 
omy had no effect. 

After both doses of angiotensin II, water intake was sig- 
nificantly different among groups for the 120 min test period, 
F(4,32)=6.99, p<0.001, (Fig. 1) and F(4,32)=8.41, p<0.01, 
(Fig. 2). Gastric, coeliac, and total vagotomized rats drank 
significantly less than sham vagotomized rats in 120 min (all 
p’s<0.01), but hepatic vagotomized rats did not. Although 
total vagotomized rats drank less than gastric or coeliac va- 
gotomized rats after 0.1 mg-kg™' angiotensin II, this differ- 
ence was not significant. 

All the vagotomized rats except the hepatic group took 
longer to initiate drinking in response to at least 1 dose of 
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FIG. 1. Mean cumulative water intakes after subcutaneous adminis- 
tration of angiotensin II, 0.1 mg-kg~'. *Significantly different from 
sham (n=9), p<0.01, Tukey’s test. 


angiotensin II than sham vagotomized rats (Table 1). The 
latency to drink after 0.1 mg-kg™' angiotensin II was signifi- 
cantly different among groups x” (4)=23.33, p<0.001 and 
gastric and coeliac vagotomized rats drank significantly later 
than sham vagotomized rats (p<0.01). All nine sham vagot- 
omized rats initiated drinking within 6 min after angiotensin 
II, but only 4 of 10 gastric vagotomized rats and 3 of 7 coeliac 
vagotomized rats drank within the first 10 min. Four gastric 
and 2 coeliac vagotomized rats never drank in the 2 hr test 
period. Total vagotomized rats also drank significantly later 
than sham vagotomized rats (p<0.01). Only 1 of 5 total va- 
gotomized rats drank in the first 15 min, and | never drank in 
the 2 hr test period. In contrast, all of the hepatic vagoto- 
mized rats drank within 10 min after angiotensin II. Although 
the median latency to drink of total vagotomized rats was 
longer than gastric or coeliac vagotomized rats, this differ- 
ence was not significant. 

The latency to drink after 1.0 mg-kg~' angiotensin II was 
also significantly different among groups, ,?=44.70, 
p<0.001. Gastric vagotomized rats drank significantly later 
than sham vagotomized rats (p<0.01), but coeliac vagoto- 
mized rats did not (Table 1). All 9 sham vagotomized rats 
initiated drinking within 6 min, but only 6 of the 10 gastric 
vagotomized rats drank within the first 15 min and 1 never 
drank in the 2 hr test. Total vagotomized rats also drank 
significantly later than sham vagotomized rats (p<0.01); only 
1 drank in the first 15 min. In contrast, 6 of 7 coeliac vagot- 
omized rats and all 6 hepatic vagotomized rats drank in the 
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FIG. 2. Mean cumulative water intakes after subcutaneous adminis- 
tration of angiotensin II, 1.0 mg-kg~!. *Significantly different from 
sham (n=9), p<0.01, Tukey’s test. 


first 15 min. One coeliac vagotomized rat never drank in the 
2 hr test. 


DISCUSSION 


Total abdominal vagotomy significantly prolonged the la- 
tency to drink and decreased the water intake after 
peripherally administered angiotensin II. This confirms the 
report of Rowland [13] and extends it by using larger doses of 
angiotensin II admininstered subcutaneously instead of in- 
travenously. 

The effects of gastric vagotomy on latency and water in- 
take after angiotensin II were smaller than after total vagot- 
omy, but the differences were not statistically significant. 
The only other report of the effect of gastric vagotomy on 
drinking to angiotensin II is by Rowland [13]. He observed 
that the mean intake of 3 gastric vagotomized rats to intrave- 
nous angiotensin II was intermediate between the intake of 
total vagotomized rats and controls. Rowland did not report 
the statistical significance of this difference in intakes nor the 
latency of the drinking response of these 3 rats. Verification 
of his gastric vagotomies was made on the basis of increased 
gastric weight due to retention of solid food. Rowland ([13], 
p. 1179) noted that this criterion of completeness of vagot- 
omy was not as rigorous as our microscopic verification pro- 
cedure and felt that this explained why he failed to observe 
the large deficits in drinking to hypertonic saline that we 
reported recently in 15 gastric vagotomized rats [6]. We rep- 


TABLE |! 


LATENCY TO DRINK AFTER ANGIOTENSIN II IN 
VAGOTOMIZED RATS 





Latency to Drink in min 


Group 0.1 mg-kg™! 1.0 mg-kg™! 





1.5 (1.0-6.0 
3.9 (2.3-9.8) 
5.6 (3.0-120) 
14.4 (2.3-120)* 
33.0 (8.9-56.9)* 


3.9 (1.3-5.2) 
6.8 (3.1-9.3) 
23.1 (6.1-120)* 
17.2 (8.9-120)* 
70.4 (4.6-120)* 


Sham 
Hepatic 
Coeliac 
Gastric 
Total 





Latency values are medians. Values in parentheses are ranges. 
*Significantly different from sham, p<0.01, Nemenyi test. 


licated that result in this study: The intake of 10 gastric va- 
gotomized rats during the 120 min after intraperitoneal ad- 
ministration of 1 M NaCl (1 ml-100 g BW~') was 0.69+0.35 
ml-100 g BW~'. This was significantly less than the intake of 
9 sham vagotomized rats (2.61+0.20 ml-100 g BW™!; 
p<0.001). 

His explanation for the difference between his results and 
ours seems likely because he also failed to observe in his 
total vagotomized rats the significant deficit to hypertonic 
saline that has been repeatedly demonstrated by our labora- 
tory and other investigators [8, 9, 11]. 

The deficits we observed after coeliac vagotomy are the 
first report of such effects. Like gastric vagotomized rats, 
coeliac vagotomized rats tended to have less severe deficits 
than total abdominal vagotomized rats. This difference was 
especially clear after the 1 mg-kg™' dose of angiotensin II: 
Coeliac vagotomized rats had a normal latency to drink, but 
total vagotomized rats did not (Table 1). 

It is interesting to compare the effects of gastric or coeliac 
vagotomies on drinking after anigotensin II with their effects 
on drinking after hypertonic saline. Gastric vagotomized rats 
drank as much after hypertonic saline (0.77+0.38 ml-100 g 
BW~') as they did after 1.0 mg-kg™' angiotensin II 
(0.99+0.36 ml-100 g BW~'). In contrast, coeliac vagotomized 
rats drank more after hypertonic saline (1.73+0.12 ml-100 g 
BW~') than after 1.0 mg-kg™' angiotensin II (1.16+0.32 
ml-100 g BW~', p<0.05, matched pairs f-test). This suggests 
that the coeliac vagal fibers are more important for the drink- 
ing response to angiotensin than for the drinking response to 
hypertonic saline, but that the gastric vagal fibers are equally 
important for the response to the two dipsogens. 

Although coeliac vagotomized rats drank more after 
hypertonic saline than after 1.0 mg-kg™' angiotensin II, 
coeliac vagotomized rats drank significantly less than sham 
vagotomized rats (2.61+0.20 ml-100 g BW~', p<0.005). This 
result does not replicate our previous report [6] that coeliac 
vagotomized rats had no deficit in drinking after hypertonic 
saline, but it does confirm that the deficit in coeliac vagoto- 
mized rats is less than the deficit in gastric vagotomized rats 
(1.73+0.12 vs 0.69+0.35, p<0.05). 

In contrast to the significant effects of gastric or coeliac 
vagotomy on drinking after hypertonic saline and 
angiotensin II, hepatic vagotomy produced little or no effect 
[6]. This lack of effect demonstrates that the deficits after 
coeliac or gastric vagotomy are not the result of just any 
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vagal operative procedure and are not the result of our post- 
operative and test conditions. 

The significant effects of total, gastric, and coeliac vagot- 
omies on the drinking response to angiotensin II are com- 
pelling evidence that the abdominal vagal innervation is nec- 
essary for normal drinking to this dipsogen when it is ad- 
ministered peripherally. These results do not disclose what 
function the abdominal vagus has in the drinking response 
and they do not distinguish between the loss of efferent and 
afferent vagal fibers. Until the relevant physiological effects 
of total, gastric and coeliac vagotomies are delineated, 
speculation about mechanisms is futile, but a statement of 
our working hypothesis may be useful. We believe that the 
critical lesion involves the afferent vagal fibers and that they 
are transmitting information about the effect of angiotensin 
II on receptors in the mesenteric circulation to the central 
neural network for drinking. We conceive of this mechanism 
as acting in series with the subfornical organ receptor system 
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because lesions of the subfornical organ abolish the drinking 
response [15,16]. Note that this hypothesis predicts that the 
deficit in drinking to angiotensin II produced by abdominal 
vagotomy should be present immediately after vagotomy. 
Simansky and Smith [14] recently obtained results that con- 
firmed this prediction. When rats were tested 2 or 3 days 
after total abdominal vagotomy, they drank later than normal 
and they drank less. Whatever the fate of the hypothesis, our 
results demonstrate that the abdominal vagus is a necessary 
part of the mechanism of the drinking response to circulating 
angiotensin II. 
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KLEITMAN, N. AND E. SATINOFF. Thermoregulatory behavior in rat pups from birth to weaning. PHYSIOL. BE- 
HAV. 29(3) 537-541, 1982.—One-19 day old rat pups were placed individually in a thermal gradient (floor temperatures 
17-45°C) at either 45°, 30°, or 20°C. From the first day of life, pups placed at 45° or 30°C and given sufficient time (up to 2 
hrs) oriented and moved along the gradient to an area of moderate temperatures (35°-40°C). The pups regulated their body 
temperatures by remaining in appropriate positions in the gradient. Most pups under a week old were immobilized when 
placed in the cold area. During the next two weeks, pups placed at 20°C moved up the gradient to the 35°-40°C area. 
Response latency was related to both starting temperature and age. Observations of the pups’ behavior in different 


temperatures are discussed. 


Thermoregulatory behavior Neonatal rats 
Development of thermoregulation 


BEHAVIORAL responses are the only effective means of 
regulating body temperature for altricial mammalian new- 
borns of many species. From the day of birth, pigs [16], 
gerbils and mice [7], hamsters [15], and rabbits [20,14], 
orient and move along a thermal gradient from a cool area 
toward a heat source, a behavior that is undoubtedly impor- 
tant in keeping the pups near the nest. 

It is therefore surprising that newborn rats did not consis- 
tently approach a warm area until they were at least six days 
old when they were tested on a thermal gradient [12] or ina 
two-choice shuttle apparatus [8]. These findings are unex- 
pected in light of the clear demonstration that newborn rats 
closely regulate their body temperatures by active group 
huddling and that this huddling is almost exclusively ther- 
mally directed during the first week of life [1,2]. If newborn 
rats can sense thermal cues and respond to them behav- 
iorally, why are they unresponsive on a thermal gradient? 

There are species differences in thermoregulatory re- 
sponse patterns which may be responsible for these puzzling 
observations. Newborn hamsters arrive at the warm part of a 
thermal gradient within a minute, travelling much of the way 
by rolling and twisting [15]. One-day old mice, on the other 
hand, gradually inch up a gradient and it may take over 90 
minutes to reach an area of intermediate warmth [17]. In 
previous experiments rats were tested like hamsters, in one 
or three minute trials, and in these situations they do not 
display thermally oriented behavior during the first week of 
life. 

In the present experiments we tested rats up to three 
weeks of age in a thermal gradient and observed their behav- 





Thermal gradient 


Cold immobilization 


ior over a 1-2 hour test period. We report here that rat pups 
will move toward warmth from the day of birth if they are 
given sufficient time. 


METHOD 
Subjects 


Sixty hooded Long-Evans rat pups from seven litters 
were housed with their mothers in the Psychology Depart- 
ment breeding colony at an ambient temperature of 22+1°C, 
on a 12:12 light:dark cycle. The mother received lab chow 
and water ad lib. On the day the litter was born six pups were 
removed for tests and not returned, effectively culling the 
remaining litter to 6-8 pups six of which were tested every 
other day until 19 days of age. 


Apparatus 


Two identical thermal gradient alleyways were used. 
Each consisted of an aluminum floor and wall 75 cm long x 
12 cm wide x 15 cm high with a hinged Plexiglas top. The 
floor extended 30.5 cm beyond the walls on each end and 
was wrapped with heating tape on one end and encased in ice 
packs on the other. The gradient temperatures varied from 
45 to 17°C. They were controlled by regulating the voltage to 
the heating tape with Olson Variacs. Floor temperatures 
were measured by thermocouples placed 6 cm (from 45- 
25°C) or 9 cm (from 25—17°C) apart and were recorded from a 
Sentel digital thermometer (model 2100). The floor inside the 
walls was covered with one layer of drafting paper. Lines 


‘Send reprint requests to Evelyn Satinoff, Department of Psychology, University of Illinois, 603 E. Daniel, Champaign, IL 61820. 


Copyright © 1982 Pergamon Press—003 1-9384/82/090537-05$03.00/0 





538 


were drawn and numbered every 3 cm to record the positions 
of the pups within the alleyway. After each trial, the floors 
and walls of the apparatus were cleaned with alcohol. Rectal 
temperatures (Tr’s) were taken with a 36-gauge copper- 
constantan thermocouple probe inserted (depending on age) 
0.5-1 cm into the anus and were recorded by the Sentel 
thermometer. 


Procedure 


All tests were conducted between 8 a.m. and noon. Pups 
were removed from the nest, carried to the testing room, 
weighed, and marked. Their Tr’s were recorded and they 
were placed individually into the gradient at a floor tempera- 
ture of either 45°, 30° or 20°C. All pups were initially posi- 
tioned perpendicular to the gradient and the direction in 
which they first oriented was recorded. Their positions and 
the corresponding floor temperatures were recorded every 5 
min, and their behaviors were observed. The criterion used 
to define the initiation of movement was the crossing of one 
gradient position (3 cm). Pups 7 days or younger remained in 
the gradient for 2 hr; older pups were tested for 1 hr. When 
the pups were removed from the gradient, their Tr’s were 
again recorded. Every two days, pups were retested at the 
next lower starting temperature (45° followed 20°C). 

Control trials, where no thermal gradient existed in the 
alleyway, were interspersed with test trials. Alley tempera- 
ture was kept at 21° (room temperature), 30°, or 40°C. Two or 
three pups were tested at each temperature individually at 
ages 3, 4, 6, 9, 12, 15, and 18 days. 


Analysis 


Tr’s are reported as mean+s.e.m. Groups were compared 


using a 1- or 2-way analysis of variance, followed by Schef- 
fé’s post hoc comparison of selected group means. Regres- 
sion analysis was used to compare changes in final Tr with 
age. 


RESULTS 


One-Day Old Pups 


Figure | illustrates the movement of 3 representative 
1-day old pups in each starting alley position. At 30° and 
20°C, 14 out of 16 pups turned toward the heat source within 
5 min; at 45°C, 7 out of 8 pups turned away from it. How- 
ever, movement away from the initial position, if it did oc- 
cur, took some time (Table 1). Seven out of eight pups placed 
at 30°C eventually travelled to warm gradient positions, but 
only three pups placed at 20°C moved at all. Although all the 
pups initially placed at 45°C moved to cooler locations, two 


TABLE 1 
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FIG. 1. Positions of nine 1 day old rat pups along the thermal gra- 
dient during the 2 hr test period. * Marks the time of death of one 
pup at the hot end of the gradient. 





of them returned to the hot area, did not leave it and died. At 
the end of the test the mean Tr’s (Table 1) of the 30° and 45°C 
groups (excluding the two that died) were not significantly 
different from each other. However, the mean Tr of the pups 
placed at 20°C was significantly lower than the means of the 
other two groups, F(2,3)=70.99, p<0.0001; 30° vs 45°C, 
p>0.05; 20° vs 30° or 45°C, p<0.001, Scheffé test. In sum- 
mary, 15 out of 16 newborn rat pups increased their mean 
Tr’s 4-6.2°C by moving from initial gradient positions of 30° 
and 45°C, respectively. Pups placed at 20°C moved little or 
not at all and their mean Tr fell 10.5°C. 


Two- to Nineteen-Day Old Pups 


Through the second week of life, all pups placed at 30° 
and 20°C continued to turn toward the heat source within 5 
min. At 45°C, only 7/51 of the pups turned or moved toward 
cooler areas. By the third week, this orientation was re- 
placed at all temperatures by circling in place. At all ages, 
once pups began to move along the gradient, they continued 
until they reached a floor temperature of 35°-40°C, around 
which they oscillated. Pups placed at 45°C had to move only 
6-12 cm to reach this area, whereas pups placed at 30° and 
20°C had to travel 12-16 cm and 42-46 cm, respectively, to 
reach it. 


30° Placement Temperature 


Pups 2-3 days old required a mean of 35+7.5 (s.e.m.) min 
(n=10) to move away from their starting position toward a 


LATENCY TO MOVE AND FINAL RECTAL TEMPERATURE (Tr) AS A FUNCTION OF INITIAL ALLEY TEMPERATURE IN 
ONE DAY OLD RATS 





Initial 
Alley 
Temperature 

(°C) Moved 


(Number of pups) 


(Did not 


move) Mean Latency: 


Range (min) 


Mean Initial Tr (°C) Mean Final Tr (°C) 





(0) 15: 10-20 
(1) 50: 25-85 
(5) 95: 30-120+ 


38.9 + 0.5* 
37.0 + 0.8 (29.6) 
24.3 + 1.87 (21.2 + 0.6) 


32.7 + 0.4 
33.0 + 0.6 (33.2) 
32.9 + 0.2 (32.9 + 0.7) 





*2 pups died. 
*20° vs 30° or 45° p<0.0001, (Scheffé test). 
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FIG. 2. Mean latency (min) of 1-19 day old rat pups to move at least 
3 cm away from the position at which they were placed in the alley- 
way. Latency measurements were made every 5 min during the 
gradient test; means are approximated to the nearest 5 min period. 


warmer part of the gradient. By 8-9 days, latency to move 
had decreased to 10+3 min (n=6) (Fig. 2). There was no 
significant correlation between the age of the pups and final 
mean Tr, and all pups had a higher Tr after being in the 
gradient than before, although this difference decreased with 
age (Fig.3). 


45° Placement Temperature 


Pups placed at 45°C moved away from the heat more quickly 
than did pups in the other two groups (Fig. 2) and none died. 
Latency to move was slowest in 12-17 day old pups (mean 
21+3.5 min, n=26) because they circled extensively at the 
hot end of the gradient before they moved away from it. The 
final mean Tr after removal from the gradient increased with 
age between 2 and 19 days of age (r(7)=0.90, p<0.001, Fig. 
3). However, there were no significant differences between 
the final Tr’s of pups placed at 30° or 45° at any age. 


20° Placement Temperature 


The response of the animals placed in the cold (20°C) 
changed most extensively during the first week. Before 6 
days of age, mean latencies to move even 3 cm were an hour 
or more (Fig. 2) and 12 out of 15 pups never moved this far. 
At 6 days of age, all pups moved at least 10 cm up the alley, 
and at 8 days of age, 6 of 8 did so. Thereafter, the pups 
walked or ran the length of the gradient one or more times 
during the trial. Until the end of the first week, the mean Tr 
of the 20°C group was significantly lower than the 30° and 
45°C groups and they did not reach 37°C until 12 days of age. 
(l-way ANOVA start temp x final Tr: F(2,27)=244.97, 
Scheffé test p<0.0001 for 2-3 days old: F(2,14)=53.20, 
p<0.0001 for 4-5 days old; and F(2,20)=8.9, p<0.002 for 
6-7 days old). 


Behavior 


The pups’ ability to traverse the gradient increased with 
the development of their support and locomotor systems. 
The pattern of movement was similar across groups (exclud- 
ing pups immobilized by the cold). The |-day old pups 
moved mostly by crawling along the alley. Interspersed with 
this, they also rolled over and righted themselves repeatedly. 
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FIG. 3. Mean Tr of 1-19 day old rat pups immediately before (Tr IN 
O-O) and after (Tr OUT @---@) gradient test. N=number of 


animals per group. Mean Tr OUT for 1 day old rats placed at 45°C 
excludes 2 pups that died during the test. Bars represent s.e.m. 





Some of the youngest pups moved the most; in the 20°C 
group, two I-day olds moved over 15 cm toward the heat 
source while only two others under the age of 6 days trav- 
elled that far. When pups moved into the hot end of the gra- 
dient they were able to move back to a cooler temperature 
(except for two 1-day olds). Once the pups reached the mod- 
erate area, they slept for much of the time, frequently dis- 
playing tail and body twitches associated with rapid eye 
movement (REM) sleep episodes [21]. At these tempera- 
tures, 24 pups aged 4 to 14 days old also displayed lordosis- 
like postures—arching their backs, lifting their ramps and 
deflecting their tails. This behavior was also observed in one 
6 day old pup at 22°C and in 12 pups ranging from 6 to 13 
days old in the hot end of the gradient. At that end, pups of 
all ages engaged in extensive bouts of climbing and digging 
movements, especially at the corners of the alley. 

Seven rats, 8-10 days old, initially placed at 30° or 45°C 
backed into the cold region of the gradient. In all but one 
case, backing occurred during the first 10 min of the trial 
(once after 25 min), and involved a series of lateral head 
scanning and forelimb stepping movements which gradually 
pushed the whole animal backwards 30-50 cm. Once this 
repetitive behavior stopped, these animals sometimes 
walked forward, but never returned to the warm end of the 
gradient, and their Tr’s fell to between 26° and 33°C. This 
behavior was so clearly age dependent that it may be indic- 
ative of a stage in locomotor development and unrelated to 
the development of thermoregulation. Since these animals 
were clearly unusual, they were excluded from calculations 
of the group means. 


Controls 


To insure that the movement of the pups was related to 
temperature and not some other cue, pups were tested in the 
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alley with no thermal gradient present. Pups tested in a 30°C 
alley did not move much at 3-4 days of age, and moved from 
the alley ends into the middle on days 6 and 9. At ages 12, 15 
and 18 days, the pups crossed the alleyway once or twice 
each, but sat as often at one end of the alley as the other. 

In a 40°C alley, young pups (3-6 days old) were more 
active than at lower temperatures. The pups crossed the 
alley at least once each at 3 days, but individual pups settled 
at different positions within the alley. At 4-9 days of age, the 
pups tended to prefer the alley ends, with 5 of the 6 at the 
normally warm end, in apparent discomfort. At ages 12, 15 
and 18 days, the pups roamed all over the alley. 

Pups in the 21°C alley were immobile until day 9, when 
one moved to an end, and the other to the middle of the alley. 
By days 15 and 18, the rats at 21°C were in almost constant 
motion, running back and forth across the alley, again show- 
ing little preference for alley position. 

Tr’s of all control pups reflected the temperature of the 
alley and the development of endothermy in the pups. In the 
40°C alley, the pups’ final Tr’s were between 37.2° and 
40.5°C from 3 to 18 days of age (mean=39.3+0.2°, n=15). 
The final Tr’s after control trials in a 30°C alley rose steadily 
from 31.9+1.0°C (n=2) at age 3 days to 36.6+0.2°C (n=2) at 
age 15 days, then remained at approximately this level 
(36.9+0.1°C at age 18 days, n=2). In a 21°C alley, one pup 
tested at 3 days of age had a final Tr of 29.2°C. Six day old 
pups’ Tr’s were even lower (24.0+0.8°C, n=2), but as the 
pups matured, the final Tr’s increased (27.4+2.1°C at 9 days, 
29.0+2.7°C at 12 days, 34.3+2.8°C at 15 days, and 
36.5+0.3°C at 18 days; all n’s=2). 


DISCUSSION 


Our experiments demonstrate that newborn rats orient 


and move along a thermal gradient if they are given sufficient 
time to do so and if they are not initially placed at tempera- 
tures as cold as 20°C. The pups regulate their body tempera- 
tures by selecting appropriate positions in the gradient. The 
level of chosen gradient temperature and resultant Tr did not 
change over the first three weeks of life after initial place- 
ment at 30°C. Response latency was related to both starting 
temperature and age. One-7 day old pups placed at 30°C did 
not move for 30 min; most pups placed at 20°C did not move 
at all. These findings may explain previous negative results 
in attempts to demonstrate thermotaxic behavior in young 
rat pups [8,12]. The pups need more time to respond than 
was allowed in those experiments, and at a low starting tem- 
perature they may not be able to move at all. 

It is not really surprising that newborn rats sense, orient, 
and move along a thermal gradient. Baccino [3] first reported 
orientation and movement along a thermal gradient in new- 
born rabbits and he noted briefly that guinea pigs and rats 
behaved similarly. Ogilvie and Stinson [17] reported that ex- 
cept when placed at extreme temperatures, 1-day old mice 
effectively thermoregulate in a thermal gradient, often by 
rolling and kicking on their backs to get to the warm area 
during a 2 hour test. As in the present experiment, a few 
1-day old mice failed to escape the heat when placed at tem- 
peratures of 40°C, and until the second week, were im- 
mobilized at temperatures below 23°C. However, there are 
important species differences in the development of this be- 
havioral thermoregulatory mechanism. Infant rats may not 
move toward heat at all for thirty minutes; infant hamsters 
may traverse 35 cm in under a minute to reach the warm area 
[15]. Furthermore, most infant rats and mice can navigate 
away from lethally hot stimuli whereas hamsters do not. 
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Why do rat pups take so long to begin to move? Whishaw, 
Schallert and Kolb [21] have examined the phenomenon of 
cold-induced immobility in infants and proposed that it re- 
sults from the lack of adequate ‘‘sources of locomotor ac- 
tivation’ in the relatively simple infant system. According to 
this interpretation, the sudden onset of locomotion after a 
period of inactivity observed in our animals could be a reac- 
tion to more than one source of activation, or motivating 
factor. For instance, increasing food deprivation due to con- 
tinued separation from the mother could combine with ther- 
mal distress to reach some suprathreshold motivational 
level. Once this level is reached, the pups then respond to 
the available cue, the thermal gradient, and direct their 
locomotion toward the heat source. To test this hypothesis, 
one could simply control for the effects of other factors. For 
example, food deprivation could be prevented by infusing 
the pups with milk during the test [11]. Alternatively, it may 
be possible to test the pups’ preference for different tempera- 
tures directly using an operant choice paradigm [13]. 

Use of a thermocline in the present experiment did, how- 
ever, allow us to observe the pups’ behaviors in different 
temperature ranges. Two behaviors occurred almost exclu- 
sively in the moderate range of alley temperatures (32°-40°C) 
First, the pups showed tonic jerking movements indicative of 
REM sleep [21] which also occurs most frequently in sleep- 
ing adult rats at their thermoneutral ambient temperature 
[20]. Second, confirming previous reports, lordosis-like 
postures occurred at moderate temperatures in rats between 
4 and 14 days of age [4,22]. Climbing and rooting-like behav- 
iors occurred in pups of all ages almost exclusively at the 
corners of the hot end of the gradient. Wall climbing is a 
response to stress in newborns [18] and could be a sign of 
distress in pups at high temperatures. Alternatively, the 
orientation toward corners in these infants resembles behav- 
ioral traps observed in lateral hypothalamic lesioned rats [9] 
and might have been triggered by the presence of the corner 
rather than by the high alley temperature. The backing be- 
havior observed in some 8-10 day old pups appears to be 
another type of behavioral trap, so far undescribed, to which 
infants at this stage of locomotor development are suscepti- 
ble. 

Our tests of rat pups in a constant temperature alley sup- 
port and expand on the findings by others that short-term 
exposure to a warm environment decreases the activity of 15 
day old rats relative to others tested at room temperature 
[6,10]. In the cold alley (21°C), pups were practically im- 
mobile until the end of the first week, and then showed the 
commonly observed peak in activity at the end of the second 
week [5]. Pups under a week old were most active in the hot 
(40°C) alley, travelling at least 75 cm each during the two 
hour tests. Pups at this temperature did not show a surge of 
activity at 15 days of age. Many developmental studies may 
be confounded by newborn animals’ low levels of activity. 
Raising the testing temperature to appropriate levels, de- 
pending on the age of the animals, could provide a nonstress- 
ful method for elevating activity levels and facilitating the 
study of many behaviors in neonates. 
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HOLLIDAY, J. F., K. W. FISH, B. CHURCHILL AND M. A. MARRAZZI. Effects of Bipiperidyl mustard (BPM) lesions on 
insulin hypoglycemic convulsions. PHYSIOL. BEHAV. 29(3) 543-551, 1982.—Systemic gold thioglucose (GTG) is well 
known to produce hyperphagia, resulting in obesity, and histological damage focused relatively selectively in the ven- 
tromedial hypothalamus (VMH). Although structurally very different, bipiperidyl mustard (BPM) produces apparently 
similar effects. However, a proposed mechanism for concentration and hence localization of GTG toxicity depends on its 
structural similarity to glucose, binding it to glucoreceptors and focusing the cytotoxicity of the gold thio-portion. We 
recently showed that GTG treatment also produces an early decrease and a later increase in sensitivity to insulin hypo- 
glycemic convulsions. We report here that BPM also produces a similar biphasic change in sensitivity to insulin hypo- 
glucemic convulsions. For both, the differences are in the brain’s convulsive response to hypoglycemia, rather than in the 
degree of hypoglycemia in response to insulin. Thus, GTG and BPM cytotoxic lesions appear similar in this regard as well. 
BPM is another way of producing a relatively discrete brain lesion which alters the brain’s functional adjustment to 
hypoglycemia. The significance of this control center and its relationship to the control(s) of feeding and systemic metabo- 


lism are discussed. 


Insulin hypoglycemic convulsions Hyperphagia 
Gold thioglucose (GTG) Bipiperidy! mustard (BPM) 


Ventromedial hypothalamus (VMH) 





SYSTEMIC administration of gold thioglucose (GTG) re- 
sults in hyperphagia and obesity and is associated with his- 
tological damage focused relatively selectively, but not ex- 
clusively, in the ventromedial (VMH)-arcuate hypothalamic 
area [7, 11, 16]. Recently, it has been found that these GTG 
lesions are accompanied by altered sensitivity to insulin 
hypoglycemic convulsions [15, 18, 20]. We have found [18] 
that the sensitivity is decreased at early times (16 and 24 
hours) and increased at later times (1 and 2 week) after GTG 
treatment. For both changes, the degree of hypoglycemia in 
response to insulin is the same, so that the difference is in the 
brain’s convulsive response to hypoglycemia. Both effects 
occur prior to weight gain. Sensitivity to Metrazol induced 
convulsions, not considered to be metabolic convulsions, 
was not altered. Therefore, the effect is not a nonspecific one 
on the generalized convulsive threshold. 

It is well known that damage to the VMH area by a vari- 
ety of means produces hyperphagia and obesity, i.e. that this 
brain region is involved in the central nervous system control 
of feeding behavior and/or systemic metabolic homeostasis 
(2, 12, 14, 22, 28]. Neurons that change their rate of firing in 
response to changes in local glucose levels, commonly re- 
ferred to as hypothalamic ‘‘glucoreceptors,’’ have been 
found in the VMH and lateral (LH) hypothalamic areas [1, 4, 
10, 19, 23, 24]. The LH, which is not lesioned by systemi- 





cally administered GTG, appears to mediate effects in many 
instances reciprocal to those of the VMH [12,22]. Lesions of 
the LH area produce hypophagia, and the ‘‘glucoreceptors”’ 
of the LH appear to have electrical responses which are 
reciprocal to those of the VMH. 

Since other gold thio-compounds do not produce the 
selective lesions [21], it has been proposed that the glucose 
moiety of gold thio-glucose binds to the hypothalamic 
glucoreceptors and thus concentrates the systemically ad- 
ministered GTG at this site, allowing the relatively localized 
cytotoxicity of the gold thio-portion [7, 16, 21]. GTG toxicity 
would thus be an indication of glucoreceptor presence. 
However, there are a number of reservations and unan- 
swered questions about this argument. The lesions are very 
species, even strain, and sex dependent. The lesions are 
predominantly but not exclusively in the VMH (3, 11, 16, 
25], and the selectivity on systemic administration for the 
VMH as opposed to the LH, despite glucoreceptors in both 
nuclei, has not been satisfactorily explained. Although GTG 
can lesion the LH on local injection [29], the argument that 
GTG toxicity indicates glucoreceptor interaction is based on 
the localization at those sites despite systemic administra- 
tion. Glucoreceptors have been recorded electrophysiologi- 
cally in both nuclei, although the electrical responses in the 
two are different and may indicate qualitatively different 
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glucoreceptors [1, 4, 10, 23, 24]. The critical test of the effect 
of GTG on the electrical response of hypothalamic 
glucoreceptors has not yet been reported. Based on EM 
studies, Caffyn has also suggested that these compounds in- 
duce an acute inflammatory response, which can be inhibited 
by aspirin, in the hypothalamus and certain other blood- 
brain barrier free areas, and that the primary effect is on the 
blood vessels producing abnormal vascular permeability 
[5,6]. Debons, however, has found conditions in which the 
neurons adjacent to the capillaries, but not the capillaries 
themselves, are affected [7-9]. 

Another serious reservation to the consideration of GTG 
toxicity as an index of glucoreceptor presence is the effect of 
a bipiperidyl mustard (BPM) (N, N’-bis’-[8-chloroethy]] 
bipiperdine) having the structure shown in Fig. 1. Despite 
the lack of structural similarity to glucose, on which the 
argument for glucoreceptor interaction is based, systemic 
administration of BPM results in hyperphagia and obesity 
and in histological damage focused relatively selectively in 
the VMH-arcuate area, apparently similar to the effects of 
GTG [26,27]. 

We have examined whether BPM and GTG cytotoxic le- 
sions are also similar in their effects on the sensitivity to 
insulin hypoglycemic convulsions. If BPM does not affect 
the hypoglycemic convulsion, this would indicate that the 
two cytotoxic lesions are overlapping but not identical. Such 
a difference would also dissociate the effect on hypo- 
glycemic convulsions, seen with GTG, from the hyperphagia 
and weight gain common to both lesions. If BPM does affect 
hypoglycemic convulsions, this would represent an addi- 
tional way to produce the same striking effect of a relatively 
focal brain lesion affecting the functional response to hypo- 
glycemia. 

Whatever the mechanism of the cytotoxicity and its lo- 
calization to a discrete brain region despite systemic admin- 
istration, the animals do get hyperphagic and obese, indicat- 
ing a disturbed metabolic regulatory mechanism. These le- 
sions are both affecting a central nervous system glucostatic 
control system(s}—a GTG lesioned glucostat and/or a BPM 
lesioned glucostat. 


METHOD 


Female CBA/J mice from Jackson Laboratories, a strain 
particularly susceptible to GTG toxicity, were used in the 
experiments. The mice were fed Purina lab chow ad lib and 
housed in a room with a 12 hour light-12 hour dark cycle. 

Bipiperidy! mustard (BPM) (N, N’-bis’-[6-chloroethyl] 
bipiperdine), obtained from Aldrich Chemical Co., was in- 
jected intraperitoneally in doses of 10 mg/kg body weight in 
0.01 ml/g volumes. BPM was incubated in a borate buffer at 
PH 10 and 37°C for 60 min just before injection to convert it 
to the active but unstable immonium ion form (see Fig. 1) 
[26,27]. Control groups of mice were injected with equal vol- 
umes (0.01 ml/g) of borate buffer vehicle (BC) or n-saline 
(CS). Mice were fed ad lib prior to these injections. A single 
injection of BPM or control substance was given, and mice 
were tested for convulsive sensitivity at varying times after 
the initial treatment. 

The sensitivity to insulin hypoglycemic convulsions was 
tested as follows. Mice were fasted overnight, starting at 
4:30 p.m., and tests were consistently run between 9:30 and 
10:30 a.m., to control for variations in diurnal rhythm and 
duration of fasting. The mice were weighed and blood sam- 
ples for glucose determination were taken just prior to insu- 
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FIG. 1. Structure of bipiperidyl mustard (BPM). 


lin injection. These blood glucoses are referred to as ‘‘be- 
fore’’ in the tables. Insulin injections (Lilly regular insulin) 
were randomized among the three groups with respect to 
time, so that there was no time differential among the 
groups. The animals were then observed undisturbed and 
care was taken to prevent auditory and visual sensory in- 
puts. When a mouse convulsed or at the end of one hour, 
whichever came first, a blood sample was immediately taken 
for glucose determination and then glucose (50 mg IP) was 
given to allow recovery. These blood glucoses are referred to 
as ‘‘after’’ in the tables. Glucose effectively reversed the 
convulsions in both the lesioned and unlesioned groups. 
Times were recorded for each mouse rather than taking an 
average for the entire group. By allowing this limited one 
hour period in which the mice could convulse, we limited the 
range of hypoglycemia triggering the convulsions. If allowed 
additional time, more mice would have convulsed at later 
times, but this would also have reflected still greater hypo- 
glycemia and hence would not have represented the same 
sensitivity to hypoglycemic convulsion. The percent con- 
vulsions was figured as the percent of the mice in a group 
that convulsed within one hour. Food was not available until 
after the hour was complete. Mice were then allowed to 
recover and were refed. The same mice were retested at 
sequential times, as indicated in each table, after the single 
BPM or control treatment. We have previously shown that 
the repeated testing of convulsive sensitivity, separated by at 
least one week between tests, does not influence the later 
tests [18]. 

We have found that environmental conditions are critical 
in obtaining consistent results even from group to group. In 
addition to the factors mentioned above, we were careful not 
to disturb the mice and their diurnal rhythm or feeding pat- 
tern the day before testing. Noise and activity in the animal 
room were carefully avoided, particularly the day before. 
Variations in the percent convulsions for a given dose of 
insulin may still be seen among the different experiments, 
presumably due to uncontrolled variables. However, this 
does not affect our results, since conditions were carefully 
controlled among the different groups run simultaneously 
within each experiment. Two control groups run in the same 
experiment do give the same results in our paradigm, as 
previously shown [18]. The BPM, BC and CS groups are 
compared within each test of convulsive sensitivity. Only the 
resulting qualitative conclusions can then be compared be- 
tween tests. The absolute values are not compared from test 
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FIG. 2. Growth curve for BPM treated mice. This is the weight gain of the mice used in the experiment in Table 3. BPM or the borate buffer 
vehicle (BC) or n-saline controls (CS) were injected on day zero. Each point on the growth curve represents 40 mice for day 0 thru day 109, 32 
mice for BPM and BC of day 150, 30 mice for CS of day 150 and for BC and CS of day 180, and 24 mice for BPM at day 180. The points prior to 
day zero represent 160 mice, including all those used in the subsequent 3 groups. The initial weights at the point of BPM, BC or CS treatment 


were 23.4+0.7 g, 23.4+0.3 g and 23.4+0.6 g, respectively. 


to test. The values for the BPM group are compared to those 
for the BC and CS group within the same test, but not to the 
values for the BPM group within another test. 

The data are presented so that each table represents the 
same population of mice tested repeatedly for convulsive 
sensitivity. Each section of a table represents a test for con- 
vulsive sensitivity. The values for the BPM, BC and CS 
groups within a section are compared, and the resulting 
qualitative conclusions compared among sections. 

The exact dose of insulin used varied from test to test of 
convulsive sensitivity and is given in each table, with the 
data for that particular test. The dose was chosen to give a 
percent convulsions in the control group of animals between 
30 and 70%, to optimize the ability to see changes from the 
control. The ideal was not always achieved, because of the 
variability among tests that was just discussed. 

The sensitivity to Metrazol induced convulsions was 
tested in an analogous way to that for insulin. Metrazol was 
given (32.5 ug/g body weight) intra-peritoneally, and the an- 
ticonvulsant trimethadione (10 mg IP) was given as the 
antidote. Although the mechanism of Metrazol induced con- 
vulsions is not thought to be related to glucose metabolism, 
all the same controls as to fasting, timing, etc., were used. A 


set of mice were repeatedly tested with Metrazol at the same 
times after BPM or control treatment as used in the insulin 
convulsion tests. In fact, the sets of mice used for the com- 
parable Metrazol and insulin convulsive sensitivity tests 
were from the same population, and both experiments were 
run simultaneously. 

Blood samples were obtained by cutting the tip of the tail 
with a scalpel and drawing 5 microliters of blood from the tail 
vein into a disposable micropipet. This was delivered im- 
mediately into a test tube and 50 microliters of 0.6 N per- 
chloric acid were added to precipitate protein. Samples were 
then neutralized with potassium bicarbonate. Glucose was 
assayed fluorometrically using hexokinase [17]. (One mM 
glucose is 18 mg%.) 

Histological damage was visualized with cresyl violet 
stain on frozen sections. Animals were perfused with 10% 
Lilly’s buffered Formalin through the heart. Animals sac- 
rificed for histology were from the same population treated 
at the same time and in the exact same way as the animals 
used to test the sensitivity to convulsions. 

Data on blood glucose and weight were analyzed using a 
simple one-way analysis of variance. Where appropriate, 
differences between means were examined with a Tukey B 
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FIG. 3. BPM lesioned mouse brain. Cresy] violet stain, 5 x magnifi- 
cation, 40 micron thick sections. (A) Saline control. (B) 48 hours 
after BPM treatment. (C) 16 weeks after BPM treatment. 


FIG. 4. BPM lesioned mouse brain. Same as Fig. 3 except 43 x 
magnification. 





BPM LESIONS AND HYPOGLYCEMIC CONVULSIONS 


TABLE | 
EFFECT OF BPM LESIONS ON INSULIN HYPOGLYCEMIC CONVULSIONS 





BC CS 





(A) 7 Days 


% Convulsions 90.0% 72.5% 

Blood Glucose (mM) 
Before Insulin 
After Insulin 


Body Weight (g) 


+ 0.05 1.41 + 0.05 
+ 0.02 0.48 + 0.04 
+ 0.5 26.9 + 0.4 


(B) 15 Days 


%Convulsions 32.5% 
Blood Glucose (mM) 
Before Insulin .94 + 0. 2.24 + 0.07 
After Insulin 0.85 + 0.02 


Body Weight (g) 31.4 +0. t 26.5 + 0.5 


(C) 22 Days 
%Convulsions 72.5% 
Blood Glucose (mM) 
Before insulin 3.00 + 0. 2.31 + 0.05 
After Insulin 0.75 . 0.65 + 0.02 
Body Weight (g) 38.7 + 2. 28.4 + 0.4 


2.44 + 0.05 
0.79 + 0.02* 
28.3 + 0.4 





All data in this table are from the same mice tested and then retested for 
sensitivity to insulin hypoglycemic convulsions at sequential times after BPM, BC 
or n-saline (CS) treatment. These times are indicated as the heading for each part 
(A, B, C) of the table. These mice are from the same population as those used in 
Table 2 and were housed together. The experiments in Tables 1 and 2 were run 
concurrently. The values given are means + standard errors. N=40 except as 
noted by an asterisk (*) where N=39. The insulin dose used to test convulsive 
sensitivity was 7.5 mU/g at 7 days and 3.5 mU/g at 15 and 22 days. Statistically 
significant differences (p<0.01) are as follows: % convulsions: BPM vs BC or CS 
at all times; blood glucose before insulin: BPM vs BC or CS at 15 days and 22 
days; blood glucose after insulin: BPM vs CS and BC vs CS at 22 days; body 


weight: BPM vs BC or CS at all times. 


test. Data on % convulsions were checked using a x? test 
[30]. 


RESULTS 


A time course of development of increased body weight 
following intraperitoneal injection of BPM is seen in Fig. 2. 
The histological damage in the VMH area demonstrated with 
cresyl violet stain is shown in Figs. 3 and 4. The lesion can be 
seen clearly at 48 hours. At 16 weeks it is masked by appar- 
ent glial infiltration, in accord with a relatively selective 
cytotoxicity rather than generalized tissue damage. This 
phenomenon has also been reported for GTG lesions [15, 16, 
18] but was not studied in the previous work with BPM. 

Table 1 shows the effects of BPM lesions on the sensitiv- 
ity to insulin hypoglycemic convulsions. The same mice 
were tested at 3 different times after BPM or control treat- 
ment. At seven days (Table 1, part A), the sensitivity is 
decreased, being 30.0% as compared to either 90.0% or 
72.5% convulsions. There is no statistically significant 
difference between the BC and CS control groups. At fifteen 
days (Table 1, part B), the sensitivity is now increased rather 
than decreased, being 77.5% as compared to either 40.0 or 


32.5% convulsions. For both times, the blood glucose after 
insulin is the same in all three groups. (0.48 mM vs 0.44 mM 
and 0.48 mM at 7 days and 0.85 mM vs 0.83 mM vs 0.85 mM 
at 15 days). Thus, the difference is in the brain’s convulsive 
response to the hypoglycemic challenge rather than in the 
degree of hypoglycemia resulting from insulin. The low 
blood glucose values in part A are unexplained but are con- 
sistent in all three groups (BPM, BC and CS), so that the 
significant comparison which is within the group is still valid. 
Differences in body weight are not sufficient to account for 
the differences in convulsive sensitivity. 

At 22 days (Table 1, part C), the sensitivity for the BPM 
group is again markedly less than the BC and CS controls. 
However, by this time the body weight of the BPM group is 
substantially greater than the controls and makes the in- 
terpretation more difficult. Blood glucose after insulin is the 
same in all three groups and does not yet reflect an insulin 
resistance associated with the obesity. The difference in the 
effect at this time after BPM treatment must be due to some 
other complicating factor of the obesity or later time period. 
The insulin dose is given per gram of body weight, so that the 
dose per mouse is higher in this obese group, which would 
bias the results towards an increased percent convulsion. 
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TABLE 2 
EFFECT OF BPM LESIONS ON METRAZOL INDUCED CONVULSIONS 





BPM 





(A) 7 Days 


% Convulsions 17.5% 
Blood glucose (mM) 
Before Metrazol 
After Metrazol 
Body weight (g) 24.5 + 0.5 


(B) 15 Days 


% Convulsions 
Blood glucose (mM) 
Before Metrazol 
After Metrazol 

Body weight (g) 


(C) 22 Days 


% Convulsions 
Blood glucose (mM) 
Before Metrazol 
After Metrazol 

Body weight (g) 


3.08 


33.4 +0.7 


2.19 + 0.114 
2.87 + 0.10 


2.33 + 0.10 
0.16 


1.83 + 0.16 1.93 
2.01 + 0.09 2.17 
27.5 + 0.6 27.0 





All data in this table are from the same mice tested and then retested for 
sensitivity fo Metrazol convulsions at sequential times after BPM, BC or n-saline 
(CS) treatment. These times are indicated as the heading for each part (A, B, C) of 
the table. These mice are from the same population as those used in Table 1 and 
were housed together. The experiments in Tables | and 2 were run concurrently. 
The values given are means + standard errors. N=40 except as indicated, where 
*N=39, *N=38, $N=32. The Metrazol dose used to test convulsive sensitivity 
was 32.5 ug/g. Statistically significant differences (p><0.01) are as follows: % 
convulsions: BC vs BPM or CS at 15 days and BPM vs BC or CS at 22 days; blood 
glucose before Metrazol: BPM vs BC or CS at 15 and 22 days; blood glucose after 
Metrazol: BPM vs BC at 15 days, and BPM vs BC or CS at 22 days; body weight: 


BPM vs BC or CS at all times. 


The decreased percent convulsions in the BPM group is de- 
spite this opposing bias. The blood glucose before insulin 
was slightly higher than the controls in accord with hyper- 
phagia. 

Table 2 shows the effects of BPM lesions on the sensitiv- 
ity to Metrazol induced convulsions. Metrazol is generally 
considered to be a non-metabolic convulsant [13] and hence 
is a control for non-specific changes in the generalized con- 
vulsive threshold, responses to stress, etc. The mice used in 
this experiment were from the same population as those in 
Table 1, and the two experiments were run simultaneously. 
The animals were housed under the same environmental 
conditions, etc. Again, the same mice were tested at 3 differ- 
ent time periods after the BPM or control treatment. At 7 
days (Table 2, part A) there is clearly no difference in the 
percent convulsions in the three groups. At 15 days the re- 
sults are more difficult to interpret. The percent convulsions 
in the BPM group is not statistically significantly different 
than the n-saline control group but is higher than the borate 
buffer vehicle control group. The reason for the difference 
between these two control groups is not clear. The difference 
is only in the percent convulsions and not in the blood glu- 
cose. This is the only test in the study showing a difference 


between the control groups. A definite effect on the sensitiv- 
ity to Metrazol induced convulsions was not clearly demon- 
strated, and we believe probably does not exist. In any case, 
an effect on Metrazol convulsions specifically in the BC 
group alone is not comparable to the effect on insulin con- 
vulsions in which the BPM group is different than both the 
BC and CS groups. The very marked respective changes in 
sensitivity to insulin hypoglycemic convulsions are, at 7 days 
definitely and at 15 days probably, not seen with Metrazol 
induced convulsions and therefore are not due to a non- 
specific effect on the generalized convulsive threshold. 

By 22 days (Table 2, part C), the percent convulsions is 
greater in the BPM group than the BC or CS controls, being 
72.5% as compared to 32.5% or 42.5%. However, body 
weight in the BPM group is also substantially greater than 
the controls. Since the Metrazol dose was given per gram of 
body weight, a greater amount of Metrazol was given per 
mouse. If the Metrazol does not distribute significantly dif- 
ferently in a fatter mouse, this would be a significantly higher 
dose per mouse. This may account for the increased sen- 
sitivity. Whatever the reason, this is opposite the effect with 
insulin hypoglycemic convulsions at this time (Table 1, part 
C), and the two effects are clearly dissociable. The effect on 
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TABLE 3 


EFFECT OF BPM LESIONS ON INSULIN HYPOGLYCEMIC CONVULSIONS: 
EXTENDED TIME COURSE 





BPM 


BC CS 





(A) 15 Days 


% Convulsions 85.0 (40) 
Blood Glucose (mM) 
Before insulin 4.10 + 0.13 (40) 
After insulin 0.82 + 0.03 (39) 


Body weight (g) 23.4 + 0.4 (40) 


(B) 150 Days 


% Convulsions 9.4 (32) 
Blood Glucose (mM) 
Before insulin 


After insulin 


0.19 (32) 
0.07 (32) 


Body weight (g) 2 223 


(C) 180 Days 


% Convulsions 8.3 (24) 
Blood Glucose (mM) 
Before insulin 6.40 + 0.32 (24) 
After insulin + 0.16 (24) 


Body weight (g) 7.2 + 1.4 (24) 


2.5 (40) 10.0 (40) 
3.45 + 0.10 (40) 3.74 + 0.11 (40) 
0.78 + 0.02 (39) 0.84 + 0.03 (40) 

21.8 + 0.3 (40) 22.4 + 0.4 (40) 


12.5 (32) 3.3 (30) 
3.73 + 0.14 (32) 3.44 + 0.18 (30) 
0.95 + 0.03 (32) + 0.04 (30) 

29.9 + 0.8 (32) 29.6 + 0.7 (30) 


56.7 (32) 53.3 (32) 
3.92 + 0.13 (32) 4.07 + 0.11 (32) 
1.01 + 0.07 (32) 0.94 + 0.05 (32) 

31.0 0.5 (32) 32.3 + 0.8 (32) 





All data in this table are from the same mice tested and then retested for sensitivity to insulin 
hypoglycemic convulsions at sequential times after BPM, BC or n-saline (CS) treatment. These 
times are indicated as the heading for each part (A, B, C) of the table. The values given are 
means + standard errors, and the numbers in parentheses are the n-values. The insulin dose used 
to test convulsive sensitivity was 2.5 mU/g body weight in parts A and B and 10.0 mU/g in part C. 
Statistically significant differences (p<0.01 unless otherwise indicated) are as follows: % convul- 
sions: BPM vs BC or CS at 15 days and 180 days; blood glucose before insulin: BPM vs BC or CS at 
all 3 times (BPM vs CS at 15 days, p<0.05 only); blood glucose after insulin: BPM vs BC or CS at 
150 days and 180 days; body weight: BPM vs BC or CS at 150 days and 180 days. 


insulin hypoglycemic convulsions is significantly more than 
an effect on generalized convulsive threshold, although it 
may be complicated by the obesity. 

Since Metrazol is not a metabolic convulsant, it is not 
expected to lower blood glucose. The blood glucose, both 
before and after Metrazol, is higher in BPM than in the BC or 
CS groups. This may be related to the hyperphagic obese 
state of the BPM group. In the after Metrazol groups there is 
an increase in blood glucose which is probably a result of the 
convulsive activity. 

Table 3 shows a more extended time course of the effects 
of BPM lesions on the sensitivity to insulin hypoglycemic 
convulsions. A separate population of mice was used. At 15 
days (part A) the effect is qualitatively the same as and even 
more marked than that seen at the same time point in Table | 
(part B). The sensitivity is substantially higher in the BPM 
group than either the BC or CS control groups, being 85.0% 
as compared to 2.5 and 10.0% convulsions. Blood glucose 
levels after insulin show that the hypoglycemic challenge is 
the same and the difference is again in the convulsive re- 
sponse to hypoglycemia. There is neglible difference in body 
weight to account for the difference. This is even less of a 
factor than in Table 1 part B. This duplication of the effect in 
two different experiments (Table 3 part A and Table | part B) 
further supports the fact that other differences in the experi- 


ments represent true differences associated with the other 
variables and are not due to random variation among popu- 
lations of mice or among tests of convulsive sensitivity. 

When the same mice were retested at much later points 
(150 and 180 days after BPM or control treatment) and when 
the difference in body weight is quite substantial (Table 3, 
parts B and C), the percent convulsions was no longer sub- 
stantially increased. In part B, the control percent convul- 
sions came out so low that a decrease could not have been 
detected, but the increase that had been present at 15 days 
was certainly not present. In part C, a higher insulin dose 
was used and a higher percent convulsions in the control 
groups was achieved. The percent convulsions in the BPM 
group was substantially decreased. Blood glucose after insu- 
lin is much higher in part C (1.93 mM vs 1.01 mM and 0.94 
mM) and somewhat higher in part B (1.27 mM vs 0.95 mM 
and 0.86 mM). This is most likely due to an insulin resistance 
associated with the obesity. In any case, the hypoglycemic 
challenge is no longer the same, so that we cannot analyze 
the role of a decreased convulsive response to hypoglycemia 
in the decreased percent convulsions from this data. The 
blood glucose before insulin is also markedly elevated in the 
BPM group, as might be expected associated with the 
marked hyperphagia and obesity. Again, this effect is more 
marked in part C with the more extensive obesity. 
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The complications of obesity make these results (Table 3, 
parts B and C and even Table | and 2, part C) much more 
difficult to interpret. They are included largely to give a more 
complete picture of the time course and to emphasize some 
of the factors that may come into play and complicate the 
picture. The early effects of BPM lesions themselves, appar- 
ently uncomplicated or minimally complicated by the result- 
ing differences in body weight, are much more striking to us 
and are the main point of this paper. Subsequent studies will 
examine these later time points without the complications of 
obesity by restricting food intake to keep body weight nor- 
mal. 


DISCUSSION 


In interpreting these data, it must be emphasized that 
quantitative comparisons of the percent convulsions can 
only be made within a particular test of convulsive sensitiv- 
ity, i.e., within groups run simultaneously, and not between 
tests. From the quantitative comparisons at each time point, 
a qualitative conclusion is made and these qualitative con- 
clusions are then compared at different times. Differences 
among control groups run at different times mean that quan- 
titative comparisons between sensitivity tests cannot be 
made. The reason for this variability is not clear but does not 
enter into our conclusions. It seems to be part of the nature 
of the system, and has also been present in our other related 
studies [18,20]. However, n-saline control groups run simul- 
taneously do give the same results, as we showed previously 
(Table 1 in [18]). In this regard, it should also be noted that 
the same time point in two different experiments (15 days in 
Table 1B and Table 3A) gave the same qualitative results, 
indicating that the qualitative differences are not random de- 
spite the quantitative variations. The occasional differences 
in the BC and CS control groups, which have been pointed 
out under Results, are unexplained. However, since they are 
two different types of controls, they are not an index of 
random variability of identical control groups run simulta- 
neously. This must be answered by our previously reported 
data that n-saline controls run simultaneously give the same 
results (Table | in [18]). Our experiments were carefully de- 
signed and interpreted to take these factors and reservations 
into account. Although all statistically significant compari- 
sons cannot be explained at this time, the conclusions do not 
depend on those in question. 

As we have previously shown for GTG lesioned mice 
[18], BPM lesioned mice have altered sensitivity to insulin 
hypoglycemic convulsions. With both BPM and GTG, the 
sensitivity is decreased at early times and increased at later 
times after treatment with the cytotoxic agent. At these 
times the difference in body weight is negligible and cannot 
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account for the effect. The exact time course for the biphasic 
change in sensitivity appears to be different for the two le- 
sions, although this difference is not surpising. Future exper- 
iments will explore this further by examining a more com- 
plete time course of the effects of BPM and the effect of dose 
of the cytotoxic agent on the time course. 

For both the decreased and the increased sensitivity, the 
difference must be in the brain’s convulsive response to hy- 
poglycemia, since the blood glucose levels show that the 
hypoglycemic challenge produced by insulin is the same in 
all three groups. The decreased and probably the increased 
sensitivity were not seen with Metrazol convulsions, indicat- 
ing that the effects are not due to non-specific changes in the 
generalized convulsive threshold or response to stress. 

We previously reported a comparable analysis of the ef- 
fects produced by GTG treatment [18]. Although there were 
some differences in the effects we reported for GTG [18] and 
those reported by Kellar er al. [15], these were previously 
discussed [18]. In comparing the effects of BPM and GTG, 
we have used the results with GTG from our own laboratory 
obtained under the same experimental conditions and 
paradigm. Thus, BPM and GTG lesions are apparently simi- 
lar with regard to their effects on the sensitivity to insulin 
hypoglycemic convulsions as well as with regard to their 
histological damage and their hyperphagic and obesifying ef- 
fects. So far the effects of BPM and GTG treatment cannot 
be dissociated, despite the marked structural dissimilarity of 
these cytotoxic agents. 

These effects occur when there is a negligible difference 
in body weight to complicate the interpretation and hence 
are the most significant and interesting. At later times when 
there is marked obesity, the effects change and are difficult 
to interpret because of the additional weight factor. At high 
enough weight gains, insulin resistance becomes an addi- 
tional factor. Future experiments will have to separate the 
effects of the difference in body weight and the later times by 
restricting food intake to prevent the obesity. 

The BPM lesion represents an additional way of produc- 
ing a relatively discrete brain lesion which modifies the 
brain’s functional response to fuel shortage. This suggests a 
relatively localized focal control mechanism in the brain’s 
adjustment to energy shortage, such as hypoglycemia, as 
opposed to the usual concept of a generalized power failure. 
The possible significance of such a control center was dis- 
cussed more fully elsewhere [18]. The hyperphagia and obe- 
sity associated with these lesions suggest that this regulatory 
system may be related to or overlapping with central nervous 
system controls of metabolic homeostasis and feeding behav- 
ior. We may think of this control system as a ‘**BPM or GTG 
lesioned glucostat.’’ It will be very interesting to clarify the 
mechanism(s) involved. 
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GROSSMAN, S. P. AND L. GROSSMAN. lontophoretic injections of kainic acid into rat lateral hypothalamus: Effects 
on ingestive behavior. PHYSIOL. BEHAV. 29(3) 553-559, 1982.—Iontophoretic injections of kainic acid into the dorsolat- 
eral hypothalamus of rats resulted in localized, partial depletions of neurons from the area without significant damage to 
adjacent areas of the diencephalon, including the zona incerta, dorsomedial hypothalamus and anterior as well as posterior 
regions of the hypothalamus that have been reported to be severely affected by mechanical injections of KA into the LH. 
Distant KA-sensitive structures such as the hippocampus and temporal lobe also showed no discernible neuronal loss or 
glial proliferation. The neuronal loss within the LH was far less severe after iontophoretic injections than after mechanical 
injections of KA. Our KA treated animals nonetheless displayed transient aphagia and adipsia, followed by variable periods 
of hypophagia and hypodipsia. After recovery of essentially normal ad lib feeding, the KA-treated rats failed to eat in 
response to a glucoprivic challenge (2-deoxy-D-glucose) but consumed normal quantities of water during periods of food 
deprivation. Their drinking response to hypertonic saline was somewhat reduced during the first hour after the treatment 


but normal at 6 as well as 24 hours. Unilateral KA injections produced only transient changes in ad lib food intake. 


Lateral hypothalamus Kainic acid Feeding 


Drinking 


2-Deoxy-D-glucose Hypertonic saline 





REPORTS from several laboratories [11, 25, 33] including 
our own [11], have recently suggested that kainic acid (KA) 
induced destruction of nerve cell bodies indigenous to the 
lateral hypothalamus may reproduce the classic pattern of 
effects of electrolytic lesions in the LH on ingestive behavior 
(transient aphagia and adipsia and persisting deficits in re- 
sponding to experimental treatments that elicit feeding or 
drinking in the intact animal [26]) without producing the 
akinesia, somnolence, and sensory neglect that are a 
prominent component of the acute LH lesion syndrome 
[13,14]. 

These observations are of special significance in view of 
recent suggestions [24] that the effects of LH lesions on food 
and water intake could be due to an interruption of fibers of 
passage, especially the nigrostriatal projections that course 
through far-lateral aspects of the dorsolateral hypothalamus. 
This hypothesis has far reaching conceptual implications be- 
cause it proposes that the initial aphagia and adipsia as well 
as the persisting regulatory deficits are due to non-specific 
sensory-motor and arousal dysfunctions rather than an inter- 
ference with mechanisms specifically related to the regula- 
tion of food or water intake. 

The reports of KA-induced aphagia and adipsia and per- 
sisting regulatory deficits would appear to rule out this and 
related interpretations (such as Ziegler and Karten’s [34] 





proposal that the LH syndrome could be due to an interfer- 
ence with higher-order quintothalamic afferents from the 
lips, mouth and throat), even though the initial period of 
aphagia and adipsia is typically brief (2-3 days on the aver- 
age, although we have seen animals that did not display vol- 
untary ingestive behavior for as long as 10 days). 

An unambiguous interpretation of the effects of 
intrahypothalamic KA injections is, unfortunately, compli- 
cated by the extensive diffusion of the neurotoxin to adjacent 
structures. We [11] as well as others [21, 25, 33] have consis- 
tently found that behaviorally effective KA injections into 
the LH produced severe neuronal depletions in the zona 
incerta, ventral thalamus and dorsomedial hypothalamus. 
Some investigators [21,25] have, in fact, reported that the 
zona incerta and adjacent subthalamic region sustained more 
severe lesions than the lateral hypothalamic injection site 
itself. An analysis of our data confirms this interpretation. 

These observations may be crucial for our understand- 
ing of the effects of intrahypothalamic KA injections and, 
indeed, the LH syndrome itself. Lesions confined to the ros- 
tromedial zona incerta (which is always involved in the large 
LH lesions that produce aphagia, adipsia and significant 
persisting regulatory deficits) have been shown to abolish 
regulatory drinking (the animals are hypodipsic when main- 
tained on a dry chow diet but cease drinking when food 
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deprived) [27] and impair or abolish drinking responses to 
intraperitoneal (IP), subcutaneous (SC) or intravenous (IV) 
injections of hypertonic saline [10, 18, 22, 29, 31]. Depending 
on the location and size of the zona incerta lesions, they may 
or may not also impair drinking responses to extracellular 
thirst stimuli such as polyethylene glycol, angiotensin, or 
isoproterenol [10, 22, 29, 30]. Zona incerta lesions typically 
produce only transient hypophagia but impair or abolish the 
feeding response to 2-deoxy-D-glucose (2-DG) permanently 
[10, 18, 19, 23, 28]. Larger lesions in the area result in persist- 
ing hypophagia, weight loss, and some finickiness [7]. Signif- 
icantly, even large ZI lesions do not produce aphagia and 
adipsia or gross sensory/motor or arousal deficits, or signifi- 
cant changes in striatal dopamine [31]. (Apparently minor 
difficulties with lapping and/or chewing have been reported 
[17,18]). It is possible that the effects of large ZI lesions on 
ad lib food intake may be due to incidental damage to the 
dorsomedial hypothalamus since lesions in that region which 
do not infringe upon the ZI or LH have been shown to 
produce persisting hypophagia and impaired responsiveness 
to 2-DG without any of the persisting deficits in regulatory 
drinking that are typical of the rat with ZI lesions [2, 3, 8]. 

In order to demonstrate that the effects of ZI lesions on 
ingestive behavior are, indeed, due to the destruction of 
nerve cell bodies indigenous to the area, we devised a 
macro-iontophoretic technique that permits the elec- 
trophoretic ejection of kainate ions from a micropipette. This 
procedure can accomplish extensive but strictly localized 
neuronal destruction, particularly in areas of the brain, such 
as the zona incerta that seem to be especially sensitive to the 
neurotoxic properties of KA. When this technique was used 
to deplete portions of the rostro-medial zona incerta of 
neurons without involvement of the lateral or dorsomedial 
hypothalamus, the principal effects of electrolytic lesions in 
the ZI (hypodipsia, impaired responsiveness to hypertonic 
saline, hypophagia and reduced or absent feeding responses 
to 2-DG) were reproduced [6]. 

It is tempting to conclude, from these observations that 
only the acute and transient effects of LH lesions (aphagia 
and adipsia) may be due to damage to the lateral hypothala- 
mus per se. It was the purpose of the present experiments to 
provide further information relevant to this potentially im- 
portant conclusion by observing the effects of iontophoretic 
applications of KA to the lateral hypothalamus. 


METHOD 
Animals 


Adult male albino rats (Holtzman, Madison, WI), weigh- 
ing 400 to 600 g at the time of surgery, were used. The 
animals were housed individually in stainless steel cages in a 
temperature controlled (22°C +2°C) vivarium with a 12 hour 
light-dark cycle (lights on at 7 a.m.). 


Surgery 


The animals were anesthetized with ketamine hydrochlo- 
ride (Ketalar, 100 mg/ml, Parke Davis) and placed into a 
Kopf stereotaxic instrument. A No. 2 stainless steel insect 
pin was then inserted into the brain so that its tip came to rest 
just above the lateral hypothalamus. Next, the pin was re- 
placed by a micropipette drawn from Kimax capillary tubes 
(0.870 mm, Kimble Products). The micropipette had been 
filled with kainic acid (Sigma Chemical Co. St. Louis, MO) 
dissolved in distilled water to a concentration of 100 mM and 
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titrated to a pH of 7.4 with NaOH. Using coordinates from 
the Pellegrino and Cushman [20] atlas of the rat brain, the tip 
of the micropipette was inserted into the lateral hypothala- 
mus at AP=5.2—4.2; L=1.8; H=3.0—3.5. A 12 wA direct 
current was then applied to the KA solution for 5 minutes. 
After the current was terminated, the pipette remained in 
place for 10 min in order to prevent kainate ions from follow- 
ing the tip of the micropipette when it was withdrawn. Con- 
trol animals were anesthetized but not subjected to surgery. 


Histology 


Following completion of the experiments, all experi- 
mental animals and 2 control animals were perfused trans- 
cardially with isotonic saline, followed by a 10% formol 
saline solution. The brains were removed from the calvaria 
and frozen and 50 um sections were obtained from the site of 
injection. Sections were also obtained at greater intervals 
from more anterior or posterior regions of the brain in order 
to permit an analysis of possibly occurring damage to distant 
structures. All sections were stained with cresyl violet and 
analysed by light microscopy without reference to the behav- 
ioral data. 


Test Procedure 


Food (6% Teklad Rat and mouse Pellets) and tap water 
were available throughout the experiment unless indicated 
otherwise. The intakes of food and water and body weight 
were measured daily for 5 days before and 24 days after 
surgery. Animals that refused to drink tap water during the 
first 24 hours after surgery were offered a highly palatable 
20% glucose and water solution. If the animals drank enough 
of that solution to attain adequate hydration, the sugar solu- 
tion was removed for 24 hours and replaced by tap water. 
The sugar solution was returned 24 hours later only if an 
animal failed to drink at all from the tap water when it alone 
was available. We thus report ‘‘adipsia’’ (days when an 
animal did not accept any fluid and ‘‘adipsia but drank the 
sugar solution’’) as well as “‘hypodipsia’’ (the number of 
days after ‘‘adipsia’’ and/or ‘‘adipsia but acceptance of glu- 
cose solution’’). 

Twenty-four days after surgery, water intake was meas- 
ured during a 24 hour period of food deprivation. 

Hypertonic saline (5 ml/rat of 1 M NaCl) mixed with 0.5 
ml/rat of procaine to reduce local irritation was adminis- 
tered SC on the 26th day after surgery. The animals were 
food deprived for 1 hour prior to the injection and remained 
without food during the entire 24 hour test period. Water 
intake was measured 1, 6, and 24 hours after the injection. 

2-Deoxy-D-glucose (600 mg/kg, Sigma Chemical Co. St. 
Louis, MO) dissolved in sterile distilled water as a 10 solu- 
tion w/w, was injected IP, 30 days after surgery. Food and 
water were available ad lib during this test and food con- 
sumption was measured 1, 6, and 24 hours after the injection. 


RESULTS 


Histological Data 


Microscopic examination of the histological materials in- 
dicated that the pipettes terminated approximately bilater- 
ally, in the intended target region of the lateral hypothalamus 
of 10 animals. Four additional animals received unilateral 
implants that terminated in the intended area. Identification 
of the precise location of the tips of the very thin pipettes 
was complicated by the fact that the iontophoretic injections 
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FIG. 1. Photomicrographs of cresyl violet stained brain sections. The left column (A) shows materials from a control brain. The middle 
column (B) depicts sections from an animal that received iontophoretic injections of kainic acid (12 wA/5 min) into the dorsolateral hypothala- 
mus. The right panel (C) shows sections from an animal that recieved mechanical injections of 0.5 ug of kainic acid dissolved in 0.1 ul of 
artificial cerebrospinal fluid. The 3 illustrations in the top row depict low power (18) magnifications of the diencephalon and adjacent 
structures. The 3 illustrations in the middle row are higher power (73 x) magnifications of a portion of the hypothalamus dorsolateral to the 
fornix which was the target area of both kainic acid injections. The bottom row depicts high power (73x) magnifications of the zona incerta, 
immediately dorsal to the KA injection site. Note the complete absence of neurons in the dorsolateral hypothalamus as well as the zona 
incerta of the animal that received mechanical KA injections (middle and bottom illustration of column C). Iontophoretic injections of KA 
produced considerably less severe depletion of neurons from the lateral hypothalamus and no detectable effect on cells in the zona incerta 


(middle and bottom illustration of column B). 


of KA in many cases did not produce the dense focus of 
gliosis typically seen after mechanical injections of the 
neurotoxin. 

The iontophoretic application of KA to the lateral hypo- 
thalamus produced far less gliosis and obvious cell loss than 
mechanical injections did in earlier studies from this [11] as 
well as other laboratories [21,25]. In many cases, significant 
neuronal depletion became apparent only when the histolog- 
ical materials were inspected under high power magnifica- 
tion. 

Figure 1 compares sections from one of the more severely 
affected brains from the present study with sections from a 
representative brain which sustained mechanical injections 
of KA in an earlier investigation from this laboratory [2]. 
Low power magnification of the affected area (top row, Fig. 
1) suggests that the iontophoretic injections used in the pres- 
ent experiment produced only minor effects. Higher power 
magnification (middle row, Fig. 1) reveals rather significant 
neuronal loss and considerable glial cell proliferation in the 
region of the LH that is immediately lateral and dorsolateral 
to the fornix. The large neurons typically of this region ap- 


peared to be largely unaffected by the injection. Peterson 
and Moore [21] earlier reported apparently selective sparing 
some of the large cells of the region after mechanical injec- 
tions of KA. We [2] did not find surviving large cells in the 
immediate vicinity of our own mechanical KA injections but 
did observe apparently selective sparing of large neurons at 
some distance from it. 

In the current experiment, both the neuronal loss and the 
compensatory gliosis was found to be far less severe than the 
effects seen after mechanical injections of KA into the LH 
(compare the middle and left illustrations of the middle row 
of Fig. 1). Cell counts indicated a 25-50% loss of neurons in 
the immediate vicinity (within 100-200 um) of the tip of the 
micropipettes, accompanied by significant glial cell 
proliferation. This central region was surrounded by an area 
of gradually diminishing cell loss that extended for variable 
distances (up to 500 um). 

The neurons of the zona incerta did not appear to be 
affected by the iontophoretic injections of KA into the LH 
(see bottom row of Fig. 1). This contrasts sharply with the 
often devastating effects of mechanical injections of KA into 
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TABLE 1 


EFFECTS OF IONTOPHORETIC KA INJECTIONS INTO THE DORSOLATERAL HYPOTHALAMUS ON 
FOOD AND WATER INTAKE AND BODY WEIGHT 





Body Weight 


Animal 


number pre post Aphagia 


Hypophagia 


Days of 

Adipsia 
(drinks 
glucose) 


Adipsia Hypodipsia 





501 
567 
432 
469 
430 
451 
391 
440 
416 
447 


454 


495 
480 
474 
498 
443 
425 
408 
462 
520 
465 


467 
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Hypophagia and Hypodipsia refer to intakes of less than 10 g. 
Postoperative body weights were recorded 24 days after surgery. 


TABLE 2 


WATER INTAKE (ml) (MEAN AND S.E.) AFTER SC INJECTIONS OF 5 ml OF ISOTONIC SALINE (BASELINE) 
OR HYPERTONIC (1 M) SALINE 





1 Hour 


ISO HYPER 


ISO 


24 Hour 


HYPER 


6 Hour 


HYPER ISO 





Controls 0.8 (0.4) 16.8 (1.7)* 
N=6 

Bilateral KA 
N=10 

Unilateral KA 


N=4 


0.0 (0.0) 8.9 (2.6)7 


0.0 (0.0) 15.4 (4.9)* 


3.8 (1.1) 


2.9 (2.1) 


3.6 (2.0) 


18.1 (3.4)* 42.3 (2.4) 49.3 (3.7) 


21.9 (6.8)* 37.8 (8.8) 42.1 (8.1) 


19.0 (4.4)* 43.9 (4.5) 48.2 (4.3) 





*Significantly (p<0.001) different from own baseline. 


+ Significantly (p<0.05) different from own baseline and from control group. 


the LH that have been observed in the zona incerta in our 
earlier experiments [11] as well as by other investigators (21, 
25, 33]. We also found no evidence of significant neuronal 
loss or glial proliferation in the dorsomedial hypothalamus 
(an area that tends to be severely affected by mechanical 
injections into the LH) or in distant, KA-sensitive structures 
such as the hippocampus, temporal lobe cortex, striatum, or 
cerebellum. These observations suggest that the iontophore- 
tic application of KA to the lateral hypothalamus succeeds in 
preventing the extensive spread of the neurotoxin that has 
plagued most investigations in the past. 


Behavioral Results 


Ad lib food and water intake. The food and water intakes 
of the experimental and control animals were comparable 
during the 5 day baseline period prior to surgery (Experi- 
mental=33.5 g +3.0 g and 41.0 ml +5.5 ml; Controls=35.5 g 
+6.0 g and 43 ml +3.7 ml). 


All animals with bilateral injections were aphagic during 
the first 24 hours after surgery (see Table 1). Four of the 
animals recovered some voluntary feeding on the second 


post-operative day, two of those remained severely 
hypophagic (i.e., ate less than 50% of baseline intake) nearly 
a week after that, the other two ate nearly normally after 
only 1 additional day of hypophagia. The remaining 6 rats 
with bilateral KA injections showed more prolonged (2-4 
days) aphagia but regained essentially normal food intake 
after only a few additional days of severe hypophagia. The 
four rats with unilateral KA injections were aphagic on the 
first day after surgery but ate nearly normal quantities during 
the second 24 hour period. 

Seven of the animals with bilateral KA injections were 
adipsic on the first day after surgery. These animals re- 
covered voluntary drinking after 1-5 days but several of 
them accepted only a highly palatable glucose solution for 
several days after the reappearance of active drinking and 
were severely hypodipsic for several additional days when 
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TABLE 3 


FOOD INTAKE (g) (MEAN AND S.E.) AFTER IP INJECTIONS OF 600 mg/kg OF 2-DEOXY-D-GLUCOSE (2-DG) OR 
COMPARABLE VOLUMES OF ISOTONIC SALINE (BASE) 





1 Hour 
BASE 2-DG 


BASE 


24 Hour 
2-DG 


6 Hour 


2-DG BASE 





Controls 1.2 (0.7) 4.5 (1.8)* 
N=6 

Bilateral KA 
N=10 

Unilateral KA 


N=4 


0.9 (0.4) 0.6 (0.3) 


1.4 (0.3) 3.5 (1.9) 


3.4 (1.3) 


2.6 (1.1) 


2.9 (1.6) 


7.8 (0.9)* 4.1 (1.1) 11.9 (1.3)* 


1.9 (1.3) 3.9 (1.4) 4.2 (1.0) 


5.8 (0.8)* 3.4 (2.3) 9.8 (2.8)* 





*Significantly (p<0.05) different from own baseline. 
+ Significantly (p<0.05) different from control group. 


the glucose solutions were removed in an attempt to promote 
the acceptance of tap water. The most extreme case of this 
was One animal that refused tap water for 23 days but drank 
our glucose solution avidly after 3 days of adipsia. 

The 3 animals of this group which voluntarily drank on 
the first day after surgery refused water for 2-4 days but 
consumed large quantities of the glucose solution whenever 
it was offered. Two of these animals were severely hypodip- 
sic for several days when the glucose solution was no longer 
made available, the third animal drank tap water without 
difficulty, on the third day after surgery. The food and water 
intakes of the KA-injected animals were slightly below those 
of the control group 24 days after surgery (38.5 g and 43.1 ml 
vs 42.3 g and 48.2 ml) but the residual differences were not 
statistically reliable (p >0.5). The body weight of the experi- 
mental animals, on the other hand, remained significantly 
(p<0.01) below that of the controls (see Table 1). 

Water intake during food deprivation. When tested with- 
out food for 24 hours, the 10 animals with bilateral KA injec- 
tions drank significantly (p<0.01) less than they had during a 
preceeding test with food present (24.3 ml vs 41.6 ml) but the 
effect of the food deprivation was not significantly greater 
than that seen in intact controls (27.3 ml vs 46.4 ml). 

Drinking response to hypertonic saline. The 10 animals 
with bilateral KA injections into the LH increased their 
water intake after SC injections of hypertonic saline (Table 
2). The magnitude of their response was smaller than that of 
the controls (p<0.05) during the first hour after the injection 
(when the controls do essentially all of their drinking), but 
comparable (p >0.05) 6 and 24 hours after the treatment. The 
drinking response of the four animals with unilateral KA 
injections was not significantly different from that of the con- 
trols at any of the intervals tested (p >0.05). 

Eating response to 2-deoxy-D-glucose. The 10 animals 
with bilateral KA injections into the lateral hypothalamus ate 
less than controls 1, 3, and 6 hours after the administration of 
2-DG, the overall difference between groups being statisti- 
cally reliable (p<0.05) (Table 3). The overall feeding re- 
sponse of the bilaterally KA treated animals did not repre- 
sent a significant increase over baseline (p >0.05) while that 
of the controls did (p<0.05). The four animals with unilateral 
lesions ate somewhat less than the controls at all intervals 
tested but the differences were not statistically reliable 
(p>0.05). 


DISCUSSION 


The results of the present experiments may have intrigu- 
ing implications for our understanding of the lateral hypotha- 
lamic lesion syndrome and, more generally, the diencephalic 
influences on food and water intake regulation. 

Microinjections of KA into the dorsolateral hypothalamus 
produced transient aphagia and adipsia followed by a period 
of hypophagia and hypodipsia. These effects are similar to 
those seen in our own laboratory [11] as well as others [21, 
25, 33] after mechanical injections of KA into the region. 
Since our iontophoretic injections did not produce obvious 
cellular loss outside the dorsolateral hypothalamus itself, it 
would appear that these effects may indeed be due to the 
destruction of neurons in the LH. 

It has been suggested that mechanical injections of KA 
into the lower brainstem may affect fibers of passage [15] but 
several studies, including one from this laboratory have 
failed to find histochemical or neuroanatomical evidence of 
fiber destruction following intrahypothalamic injections of 
KA [11, 21, 25]. It has been suggested [21] that the effects 
reported after lower brainstem injections may be due to 
Statistical artefact. 

Whether the transient inhibitory effects of hypothalamic 
lesions are due to the destruction of local neurons that are 
specifically concerned with the regulation of food or water 
intake has been the subject of some debate. Stricker and 
Zigmond [24] have argued that the typically far more severe 
effects of electrolytic lesions in the area might be due to 
sensory/motor or arousal dysfunctions which tend to be 
prominent in the immediate post-operative period [13,14]. 
Mechanical injections of KA into the LH do not produce 
severe sensoryneglect or immobility but do result in tran- 
sient stereotypy and hyperexcitability that might contribute 
to the observed aphagia and adipsia. It is therefore important 
to note that we did not find significant evidence of such 
disturbances after the first few hours following our iontophore- 
tic KA injections. 

The results of the present investigation suggest further 
that the severe loss of feeding in response to cellular gluco- 
privation that is such a prominent symptom of the LH lesion 
syndrome [26,32] may also be due, at least in part, to the 
destruction of neurons that are indigenous to the area. It has 
been reported earlier that mechanical injections of KA into 
the LH impair or abolish 2-DG eating [25,33] and we now 
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replicate this effect quite unambiguously with our ion- 
tophoretic injections that did not damage adjacent areas of 
the diencephalon. 

An interpretation of these effects is complicated by the 
fact that we have observed quite similar deficits in 2-DG 
induced feeding after electrolytic lesions in the rostromedial 
zona incerta [10, 19, 23, 28]; after iontophoretic KA injec- 
tions into the ZI [6], after electrolytic lesions in the dor- 
somedial hypothalamus [8]; after knife cuts across medial as 
well as lateral portions of the medial forebrain bundle caudal 
to the LH [1,16]; and after knife cuts in the coronal plane 
through portions of the midbrain tegmentum [9]. Others [4] 
have reported selective impairments of 2-DG feeding after 
lesions in the medial forebrain bundle rostral to the hypo- 
thalamus. Feeding response to 2-DG also are delayed and 
reduced (although not abolished) by vagotomy [5] and this 
pattern of effects is duplicated, almost precisely, by lesions 
in the ventromedial hypothalamus [12]. It is thus possible 
that the effects of central lesions below the LH and ZI may 
reflect, at least in part, an interruption of higher-order vagal 
afferents to neurons in the lateral hypothalamus and zona 
incerta which may project to (or received additional inputs 
from) higher subcortical or cortical regions via the medial 
forebrain bundle. 

Two of the most prominent and persistent effects of lateral 
hypothalamic as well as zona incerta lesions—adipsia or 
hypodipsia during food deprivation and abolished drinking 
responses to SC or IP injections of hypertonic saline—were 
not seen after iontophoretic injections of KA into the LH. 
Mechanical injections of KA into the lateral hypothalamus 
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have been reported to impair the drinking response to hyper- 
tonic saline [25,33] but this could well reflect a loss of 
neurons from the zona incerta rather than the LH itself. This 
conclusion is supported by our observation that iontophore- 
tic KA injections into the ZI which depleted portions of the 
structure of essentially all neurons without affecting the lat- 
eral hypothalamus severely impaired the drinking response 
to hypertonic saline [6]. 

While our data lend support to the general hypothesis that 
neurons of the zona incerta rather than the lateral hypothal- 
amus itself may be responsible for the devastating effects of 
LH lesions on water intake regulation, one must not forget 
that the iontophoretic injections used in the present experi- 
ments destroyed far fewer neurons than mechanical injection 
procedures or electrolytic lesions. It is thus possible that the 
surviving population of LH neurons may have been able to 
sustain essentially normal responses to cellular dehydration 
and permitted recovery of normal regulatory drinking after 
our KA injections. Although our injections produced effects 
on ad lib food and water intake as well as 2-DG feeding that 
were comparable to those reported after mechanical injec- 
tions of the neurotoxin [25,33], caution is indicated by the 
observation that the short-term response to hypertonic saline 
was subnormal in our animals. Particularly if one takes into 
consideration the well-documented observation that differ- 
ent populations of neurons display vastly different reactions 
to the neurotoxic properties of kainic acid, it seems clear that 
we must defer final conclusions on this important matter 
until further data become available. 
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BRIEF, D. J. AND J. D. DAVIS. Diabetes enhances the palatability of glycerol and glucose. PHYSIOL. BEHAV. 29(3) 
561-566, 1982.—Male rats were provided with flavored solutions (0.3 M glucose, 0.3 M glycerol or 0.6 M glycerol) or water 
before and after the induction of diabetes by streptozotocin. Normal animals given 0.3 M glucose showed a significant 
increase in fluid intake but normal animals offered the glycerol solutions did not show an increase in intake compared to 
animals given water. After the onset of diabetes, exposure to the same flavored solutions resulted in significant increases in 
fluid intake by animals offered both the glycerol and glucose solutions. The animals offered glucose consumed significantly 
more than did the animals offered the glycerol solutions. The animals offered 0.6 M glycerol consumed significantly more 
than did the animals offered 0.3 M glycerol on 8 out of the 10 days of exposure. Therefore, while diabetes does not appear to 
modify the palatability of glucose it seems to produce an enhanced palatability for glycerol not seen in normal rats. 


Glycerol Glucose Palatability Diabetes 


ALTHOUGH the induction of experimental diabetes in rats 
clearly alters normal feeding patterns [1] and dietary prefer- 
ences [8,9], it is unclear what relationship these changes 
have to the reported accompanying metabolic disturbances 
[2,5]. Contrary to the marked preference shown by normal 
rats on a self-selection diet for carbohydrates over protein 
and fats, pancreatectomized diabetics consume a large per- 
centage of their calories as fats and a relatively small per- 
centage as carbohydrates [8,9]. In addition, consumption of 
a high fat diet eliminates the hyperphagia exhibited by pan- 
createctomized [8,9] and alloxan-treated [2] diabetic rats on 
a high carbohydrate diet. On the basis of his findings Richter 
[6] suggested that changes in a rat’s appetite could serve as a 
reliable indicator of changes in dietary needs induced by 
endocrinological disturbances (e.g., insulin deficiency). This 
conclusion was also arrived at by Friedman [2], who more 
recently demonstrated that alloxan diabetics alter food in- 
take in response to changes in the caloric density of the diet 
when modifications are made in its fat, but not its carbo- 
hydrate content. However, in direct conflict with Richter’s 
assumption [6] that his pancreatectomized animals main- 
tained a normal caloric intake on a high fat diet because the 
physiological deficits associated with diabetes were cor- 
rected by their dietary selections, Friedman [2] found a per- 
sistence of the metabolic disturbances in alloxan diabetics on 
a high fat diet. Therefore, he suggested that the caloric intake 
of diabetics on a high fat diet was normal because fats pro- 
vided an immediate supply of utilizable fuels. 

Citing numerous clinical and experimental studies in 
which taste appeared to be an important factor in the ability 
to alter dietary selections to match changes in dietary needs, 
Richter also suggested that the increased preference for fats 
in pancreatectomized animals indicated an aversion to 
carbohydrates [6]. However, a recent series of studies in- 


Streptozotocin 


vestigating the taste preferences of alloxan diabetics has 
shown that diabetes does not alter the preference shown by a 
normal rat for more rather than less concentrated glucose 
solutions or for glucose rather than water [4]. While alloxan- 
induced diabetes will under some conditions reverse the 
normal rat’s preference for saccharin rather than water, 
Kakolewski and Valenstein [4] have demonstrated that this 
reversal depends on the development of an association be- 
tween the onset of diabetes and exposure to saccharin. If 
saccharin is not presented until nine days after the induction 
of diabetes, it is still preferred to water. Therefore, although 
diabetics may prefer carbohydrates to fats in the diet [8,9], 
diabetes does not appear to produce an aversion to either the 
taste of a sweet, nonnutritive solution or a sweet solution 
which lacks positive metabolic consequences [4]. 

The purpose of the present study was to examine the 
effect of diabetes on the rat’s sensitivity to the taste of 
glycerol solutions. In a previous unpublished investigation 
which was designed to examine the effect of oral glycerol on 
food intake, we unexpectedly found that the induction of 
diabetes in rats altered their consumption of glycerol relative 
to normal animals. While normal rats provided with a 
glycerol solution instead of water consumed the same 
amount of the glycerol solution over 24 hours as animals 
receiving tap water, diabetic animals offered glycerol instead 
of water consumed as much as 100 ml/day more than dia- 
betics receiving water. If as Friedman [2] suggests, diabetics 
become dependent on dietary fats for utilizable calories and 
Richter [6] is accurate in suggesting that taste is important in 
determining changes in dietary selection, then diabetes might 
enhance the flavor of glycerol, an important component of 
fats. It might also be expected that diabetics would respond 
differently to glucose than glycerol since the metabolic con- 
sequences of the ingestion of these fluids might be differen- 
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TABLE | 
SCHEDULE OF FLUIDS AVAILABLE 24 HOURS/DAY DURING EACH STAGE 





Pre-Diabetic 


Stage 2 
(Days 11-19) 


Stage | 


Group (Days 1-10) 


Diabetic 


Stage 5 
(Days 39-48) 


Stage 4 
(Days 27-38) 


Stage 3 
(Days 20-25) 





Water 

0.3 M Glucose 
0.3 M Glycerol 
0.6 M Glycerol 


Water 
Water 
Water 
Water 


(1) Water 

(2) 0.3 M Glucose 
(3) 0.3 M Glycerol 
(4) 0.6 M Glycerol 


Water 

0.3 M Glucose 
0.3 M Glycerol 
0.6 M Glycerol 


Water 
Water 
Water 
Water 


Water 
Water 
Water 
Water 





tially altered by diabetes. To examine this we compared the 
changes in the intake of glycerol and glucose solutions of 
normal animals made diabetic by streptozotocin injection. 


METHOD 


Male albino rats, originally of Charles River stock and 
bred in the University of Illinois laboratory, were maintained 
on a 12:12 hour light/dark cycle in individual stainless steel 
cages. Purina lab chow pellets and fluids were available ad 
lib at all times unless otherwise indicated. Fluid intake was 
measured each day at approximately 8 a.m. (2 hours after the 
onset of light) and 5 p.m. (1 hour before the onset of dark). 
Water bottles were refilled once each day at the time of p.m. 
measurements prior to the induction of diabetes and twice 
each day after the onset of diabetes. Body weight measure- 
ments were taken every other day at the onset of the dark 
portion of the cycle. 

There were 5 stages in the experiment. These are sum- 
marized in Table 1. During the first stage (days 1-10) 
baseline data on the ad lib water intake and weight gain of 
normal animals was collected. Since animals consume most 
of their daily water intake during the dark portion of the 
light/dark cycle, animals were ranked according to their av- 
erage night water intake during this baseline period and di- 
vided into groups of four, matched for night water intake. 
Animals from each group of four were then randomly as- 
signed to one of the four treatment groups. 

In the second stage (days 11-19) animals received either 
tap water (Group 1) or solutions of 0.3 M glucose (Group 2), 
0.3 M glycerol (Group 3) or 0.6 M glycerol (Group 4). In all 
cases, fluid was available ad lib for 24 hours/day, but water 
was unavailable during this stage for groups 2, 3 and 4. We 
selected a 0.3 M glycerol solution on the basis of previous 
unpublished findings which indicated that diabetic rats in- 
creased their intake of this concentration of glycerol. We 
also included a 0.6 M glycerol group to determine the effect 
of a more concentrated glycerol solution on the intake of 
diabetics. In addition, a 0.3 M glucose group was included to 
compare the effects of glycerol with glucose. However, a 0.6 
M glucose group was not included because pilot data (un- 
published) indicated that ingestion of a 0.6 M glucose solu- 
tion by streptozotocin diabetics is fatal within three days. 

In stage 3 (days 20-25) all animals received tap water for 
six days to avoid the possibility of an association developing 
between the taste of the fluids and the induction of diabetes 
[4]. 

After six days of tap water ingestion 48 animals (12/group) 
received a 65 mg/kg [5] injection of streptozotocin in 0.05 M 
Na-Citrate buffer, pH 4.3, after 24 hours of deprivation, as 


recommended by the supplier of streptozotocin, the UpJohn 
Co. Fourteen animals died as a result of streptozotocin in- 
jection, leaving 34 animals and the following group sizes: 
Group | n=7, Group 2 n=10, Group 3 n=7, Group 4 n=10. 

Within two days, the remaining 34 animals exhibited clear 
diabetic symptoms, including glucose urine values greater 
than 2%, measured by Keto-Diastix (Ames Company). Dur- 
ing stage 4 (days 28-38) in which data on ad lib water intake 
and body weight was collected, all animals exhibited 
polydipsia and weight loss, also reported previously to be 
characteristic of streptozotocin diabetes [1,3]. 

In the fifth stage (days 39-48) each group was provided, 
for 24 hours each day, with the same solution they had re- 
ceived during the second stage (days 11-19) of the experi- 
ment. Water was again unavailable to groups offered 0.3 M 
glucose, 0.3 M glycerol or 0.6 M glycerol. 


RESULTS 


A one-way repeated measures ANOVA was used to 
analyze both fluid and caloric intake as well as the change in 
body weight during each stage of the experiment. Post-hoc 
comparisons (Duncan-range) were employed in cases where 
the repeated measures ANOVA indicated significant differ- 
ences between the groups over an entire period. 

Figure 1 and Table 2 summarize the average daily (re- 
ferred to as total) fluid intake of the four groups of animals 
throughout the entire course of the experiment. It can be 
seen that all animals consumed similar amounts of water 
each day during the initial 10-day baseline period. During 
stage 2, when flavored solutions were offered to three of the 
four groups, fluid intake remained virtually the same as dur- 
ing baseline for all of the groups except for the group offered 
0.3 M glucose. This group drank approximately three times 
more of the glucose solution each day during this stage than 
water during the baseline period. This resulted in a signifi- 
cant increase in fluid intake during the second stage above 
each of the other groups (p<0.05). Neither group provided 
with glycerol consumed more of those solutions than the 
animals provided with water during this period. When water 
was again offered in stage 3 the intake of all groups was 
similar to the water intake during the initial baseline period. 

During stage 4, after the induction of diabetes, water in- 
take of all animals increased dramatically from approx- 
imately 50 ml/day prior to the onset of diabetes to about 128 
mli/day. As can be seen in Fig. 1, all groups continued to 
increase water intake during the days following the induc- 
tions of diabetes so that by dav 38 (the final day of stage 4) 
the average total water consumption of the four groups, was 
297 (+48) ml. 

During stage 5, when three of the four groups were given 
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FIG. 1. Mean consumption (ml) of water or flavored solutions (0.3 M 
glucose, 0.3 M glycerol or 0.6 M glycerol) during various stages 
before and after the induction of diabetes by streptozotocin. Arrows 
indicate the start of a new stage. Stage 1 (days 1-10) is ad lib water 
intake of normal rats, Stage 2 (days 11-19) is ad lib fluid intake of 
flavored solutions or water by normal rats, Stage 3 (days 20-25) is ad 
lib water intake of normal rats, Stage 4 (days 28-38) is ad lib water 
intake of diabetics following 24 hours deprivation, streptozotocin 
injection (day 26) and one day of recovery and Stage 5 (days 39-49) 
is ad lib fluid intake of flavored solutions or water by diabetics. 


the same flavored solutions offered in the prediabetic phase, 
all groups continued to increase fluid intake (Fig. 1). How- 
ever, there were significant differences between the groups 
in the amount of fluid consumed, F(3,31)=37.50, p<0.01, 
with each group of diabetic animals offered flavored solu- 
tions drinking significantly more than animals offered water 
(p<0.05). In addition there were also differences between 
the groups offered the flavored solutions. As indicated in 
Table 2, the group offered a 0.3 M glucose solution drank 
reliably more than did either of the groups offered a glycerol 
solution (p<0.05). Although the average total intake of 
animals offered 0.6 M glycerol is greater than animals offered 
0.3 M glycerol this difference over the entire 10 days of 
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exposure was not significant. However, as seen in Fig. 1, 
during the first three days after the diabetic animals were 
offered the flavored solutions the animals offered 0.6 M 
glycerol actually drank less than those offered 0.3 M 
glycerol. During the next seven days of exposure to the fla- 
vored solutions though, the animals offered 0.6 M glycerol 
drank considerably more fluid than those offered 0.3 M 
glycerol. If only the last seven days of exposure after the 
reversal occurred are analyzed the average total fluid con- 
sumption of the group drinking 0.6 M glycerol (578.8+57) is 
significantly greater than the daily intake of the group drink- 
ing 0.3 M glycerol (470.8+59) (p<0.05). Thus, the overall 
trend is for the higher concentration of glycerol to stimulate 
more drinking than the lower, although there is an initial 
period of approximately three days during which this is not 
the case. It is also interesting to note that contrary to the im- 
mediate increase in glucose intake above the other groups 
immediately following exposure, the higher concentration of 
glycerol decreased intake below the other groups on the first 
day of exposure. Since it is only after the third day of expo- 
sure that the average total intake of 0.6 M glycerol surpasses 
the groups offered either the lower concentration of glycerol 
or water, the acceptability of 0.6 M glycerol appears to 
change over time. 

Prior to the induction of diabetes, all animals consumed 
most of their daily fluid intake during the dark portion of the 
diurnal cycle. In addition, the provision of flavored solutions 
(days 11-19) led to an elevated fluid intake among those 
animals offered 0.3 M glucose relative to animals offered 
glycerol (p<0.05) or water (p<0.05) during both the light and 
dark phases of the cycle. However, the increase in fluid 
intake was smaller during the light than during the dark 
period. Following the induction of diabetes, ad lib water in- 
take increased among all groups during both the light and 
dark phases of the diurnal cycle, although water intake was 
still less during the light phase. When the three groups were 
offered flavored solutions for the second time (days 39-48) 
they each drank significantly (p><0.05) more during the dark 
phase than did the group offered water. This elevation was 
also reliable during the light over all 10 days of stage 5 for 
groups offered either 0.3 m glucose or 0.6 M glycerol 
(p <0.05) and on 9 (40-48) out of the 10 days (39-48) of stage 
5 for animals offered 0.3 M glycerol. It is also important to 
note that 0.6 M glycerol appeared to stimulate a greater in- 
crease in fluid intake than 0.3 M glycerol in both the day and 
night. However, while the fluid intake of animals offered 0.6 
M glycerol was significantly greater than animals offered 0.3 


TABLE 2 
AVERAGE TOTAL FLUID INTAKE BEFORE AND AFTER DIABETES (+S.E.M.) 





Pre-Diabetes 


Stage 2 
Average 
Total Fluid 
(Days 11-19) 


Stage 1 
Average 
Total Water 


Group (Days 1-10) 


Post-Diabetes 


Stage 3 
Average 
Total Water 
(Days 20-25) 


Stage 4 
Average 
Total Water 
(Days 28-38) 


Stage 5 
Average 
Total Fluid 
(Days 39-48) 





54.0 (+9.5) 
132.1 (+27.5)* 
37.7 (+8.4) 
44.9 (+11.0) 


48.6 (+7.0) 
45.8 (+5.5) 
44.5 (+8.2) 
48.6 (+9.9) 


(1) Water 

(2) 0.3 M Glucose 
(3) 0.3 M Glycerol 
(4) 0.6 M Glycerol 


49.8 (+9.1) 
49.7 (+10.2) 
44.5 (+8.2) 
49.3 (+7.2) 


234.5 (+31.4) 
211.8 (+28.7) 
219.7 (+34.4) 
193.4 (+25.2)t 


358.3 (+48.7) 
619.7 (+62.2)* 
443.9 (+53.1)t 
499.0 (+57.8)t 





*Significantly different from group | (p<0.05), 3 (7<0.05) and 4 (p<0.05). 


tSignificantly different from group | (p<0.05). 





TABLE 3 


AVERAGE NUMBER OF TOTAL CALORIES/DAY OBTAINED FROM 
AD LIB GLYCEROL OR GLUCOSE SOLUTIONS BEFORE AND AFTER 
THE INDUCTION OF DIABETES (+S.E.M.) 





Group Pre-Diabetic Post-Diabetic 





119.2 (+10)§ 
51.2 (+6.8) 
115.8 (+11.3)§ 


26.4 (+5.7)* 
4.6 (+1.1)7 
10.9 (+2.7)t 


(2) 0.3 M Glucose 
(3) 0.3 M Glycerol 
(4) 0.6 M Glycerol 





*Significantly different from group 3 (p<0.05) and group 4 
(p<0.05). 

+Significantly different from group 2 (p<0.05) and group 4 
(p <0.05). 

tSignificantly different from group 2 (p<0.05) and group 3 
(p <0.05). 

§Significantly different from group 3 (p<0.05). 


M glycerol on 9 (40-48) out of 10 (39-48) days during the light 
phase (p<0.05) it was not significantly elevated during the 
dark phase above the intake of animals offered 0.3 M 
glycerol. 

It is apparent from Fig. | that there were trends in the 
fluid intakes of the diabetic animals which had not stabilized 
by the end of the experiment. However, the experiment was 
terminated on day 50 because the animals were becoming too 
sick to provide meaningful data. 

An analysis of average total caloric intake based on the 
calories obtained in the flavored solutions (Table 3) during 
stages 2 and 5 revealed significant differences between 
groups in the number of calories obtained in the flavored 
solutions during each period of exposure, F(2,24)=73.27, 
p<0.01 and F(2,24)=116.61, p<0.01, respectively. During the 
first exposure in stage 2, animals in the group offered 0.3 M 
glucose consumed significantly more calories than those of- 
fered 0.3 M glycerol (p<0.05) and those offered 0.6 M 
glycerol (p<0.05). Although one ml of either glycerol solu- 
tion contains more calories than one ml of a 0.3 M glucose 
solution, the elevated intake in the latter but not the former 
groups led to a significantly greater caloric consumption in 
the animals offered glucose relative to animals offered 
glycerol. Although there were no differences between the 
groups offered glycerol solutions in fluid intake and neither 
group of animals exposed to glycerol increased fluid intake 


BRIEF AND DAVIS 


during this period, animals in the group offered 0.6 M 
glycerol also obtained significantly more calories than 
animals in the group offered 0.3 M glycerol. 

During their second exposure to flavored solutions (after 
all animals were made diabetic), animals offered 0.3 M glu- 
cose and 0.6 M glycerol each consumed significantly more 
calories than the animals offered 0.3 M glycerol (p<0.05) but 
there was no difference between the animals offered the 
higher concentration of glycerol and those offered glucose. 
Therefore, although the animals offered 0.3 M glucose con- 
sumed significantly more fluid than animals offered 0.6 M 
glycerol, the intake in the group offered the higher concen- 
tration of glycerol was great enough to result in the similar 
caloric consumption observed in these two groups. 

There were no body weight differences between the 
groups at the start of the experiment. The average weight of 
all 34 animals was 487.1 (+22). Table 4 provides information 
on the change in body weight for each group during the five 
stages of the experiment. As illustrated in Table 4 all groups 
gained weight prior to the induction of diabetes during stages 
1, 2 and 3. A one-way repeated measures ANOVA indicated 
that there were no differences between the groups with re- 
spect to weight change during any of these stages, despite 
the fact that animals offered glucose consumed significantly 
more calories during stage 2 than the other two groups. 
Therefore, there must have been some type of compensation 
in this group, such as a decrease in food intake, an increase 
in activity or a change in the proportion of calories stored, 
during this stage. Weight loss during stage 4 (ad lib water 
intake of diabetics) following the induction of diabetes and 
stage 5 (during re-exposure to flavored solutions) was also 
observed in each group. Although losses were similar during 
stage 4 for all groups, significant weight loss differences be- 
tween the groups were indicated during stage 5, 
F(3,30)=3.67, p<0.05. During this stage animals offered 0.3 
M glucose lost significantly more weight than animals of- 
fered either 0.3 M glycerol (p<0.05) or water (p<0.05). 
Animals offered 0.6 M glycerol also lost significantly more 
weight than animals offered 0.3 M glycerol (p<0.05). 


DISCUSSION 


It has previously been reported that both normal and al- 
loxan diabetic rats prefer glucose to water [4]. This finding 
suggests that glucose is more palatable than water in both the 
normal and insulin deficient condition. The present study 


TABLE 4 
CHANGES IN BODY WEIGHT DURING CONSUMPTION OF AD LIB FLUIDS BEFORE AND AFTER DIABETES (+S.E.M.) 





Group 


Water 
(Days 1-10) 


Pre-Diabetic 


Fluids 
(Days 11-19) 


Water 
(Days 20-25) 


Diabetic 


Water 
(Days 26-38) 


Fluids 
(Days 39-48) 





(1) Water 

(2) 0.3 M Glucose 
(3) 0.3 M Glycerol 
(4) 0.6 M Glycerol 


+35.0 (+13) 
+36.3 (+15) 
+31.4 (+10) 
+28.5 (+14) 


+26.7 (+11) 
+24.6 (+10) 
+17.7 (+9) 
+26.7 (+13) 


+9.7 (+13) 
+9.8 (+4) 
+3.1 (+13) 
+6.3 (+5) 


—30 (+16) 
—27 (+20) 
— 19 (+23) 
—33 (+13) 


—39 (+34)§ 
—90.3 (+39)7 
—22.7 (+25)* 
-70 (+31)t 





*Significantly different from group 2 (p<0.05) and group 4 (p<0.05). 
tSignificantly different from group 1 (p<0.05) and group 3 (p<0.05). 
tSignificantly different from group 3 (p<0.05). 
§Significantly different from group 2 (p<0.05). 
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replicated the previous demonstration of an enhanced glu- 
cose palatability in normal animals and extended this finding 
to streptozotocin diabetics. Similar to normal animals, strep- 
tozotocin diabetics offered glucose instead of water drank 
considerably more fluid than animals offered water. Thus, 
neither streptozotocin nor alloxan-induced diabetes appears 
to modify the palatability of glucose. 

Previous studies have also indicated that repeated expo- 
sure of alloxan diabetics to sweet solutions does not reduce 
their palatability [4]. In the present study (see Fig. 1), strep- 
tozotocin diabetics offered 0.3 M glucose solutions instead of 
water immediately increased their fluid intake relative to 
animals offered water and maintained this elevation for a 
period of 10 days. Therefore, at least in the case of alloxan 
[4] and streptozotocin diabetes, an aversion to sweet solu- 
tions does not appear to develop over time. Kakolewski and 
Valenstein [4] have suggested that diabetics may be attracted 
to glucose because sufficiently high blood glucose levels may 
force glucose into cells normally requiring insulin for its up- 
take, resulting in its metabolism in the absence of insulin. 
However, contrary to the notion of glucose ingestion being 
adaptive, we have found (unpublished) that three days of 
exposure to a 0.6 M glucose solution results in almost a 100% 
death rate for diabetics. Therefore, if concentrated glucose 
solutions do have an adaptive role in the increased palatabil- 
ity of glucose, it is within a very narrow range. Rather, it 
seems more likely that glucose remains highly palatable at 
low concentration, despite a lack of adaptive significance. 

The present study also compared the effect of diabetes on 
glucose to glycerol consumption. Contrary to the enhanced 
fluid intake seen in normal animals offered glucose instead of 
water, normal rats consume similar amounts of glycerol as 
water, if water is unavailable. This finding indicates that 
glycerol is not particularly palatable in the normal animal. 
Also contrary to the preference for more over less concen- 
trated glucose solutions shown by normal animals [7], in- 
creasing the concentration of glycerol did not increase the 
intake of glycerol. Therefore, it appears that the acceptance 
of glycerol differs markedly from glucose in the normal state. 
However, the present study demonstrates that the induction 
of streptozotocin diabetes results in a dramatic increase in 
fluid intake of animals offered glycerol relative to animals 
offered water. Therefore, while streptozotocin diabetes does 
not appear to modify the palatability of glucose solutions 
seen in normal animals it does seem to increase the sensitiv- 
ity to glycerol not seen in normal animals. In addition, simi- 
lar to the continued preference exhibited by alloxan diabetics 
for more over less concentrated glucose solutions [4], there 
was also a tendency for streptozotocin diabetics to drink a 
greater amount of the more highly concentrated glycerol 
solution that the less concentrated one, an affect not ob- 
served in normal animals provided with glycerol solutions. 

We also observed differences in the amount of weight loss 
between the groups following the induction of diabetes dur- 
ing access to the flavored solutions. The animals given 0.3 M 
glucose lost significantly more than animals offered either 
0.3 M glycerol or water. Also, animals offered 0.6 M glycerol 
lost significantly more than animals offered 0.3 m glycerol. 
However, it is not clear to us why these differences oc- 
curred. Since diabetic animals offered 0.6 M glycerol lost 
significantly more than animals offered 0.3 M glycerol but 
not more than animals offered water, it appears unlikely that 
the weight loss in diabetics observed here was related to 
glycerol intake. We can only attribute these differences at 
the present time to the high variability in body weight 
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changes frequently observed following the induction of 
streptozotocin diabetes. 

Although the cause of the differences in weight loss is 
unclear, we considered the possibility that differences in 
weight loss might in some way be related to the observed 
differences in fluid intake between groups because of the 
differences in calories obtained from the fluids. However, 
for several reasons we favor the view that differences in fluid 
intake across the groups reflect differences in palatability 
rather than an attempt to replace endogenous caloric re- 
serves by increasing caloric consumption. First, there were 
no significant correlations within each group between weight 
loss and caloric intake despite the differences in caloric in- 
take and weight loss among the groups. Therefore, although 
the animals offered 0.3 m glucose lost more weight and con- 
sumed more calories than animals offered 0.3 M glycerol, 
weight loss and caloric consumption for individual animals 
within each of these groups were unrelated. 

Second, despite differences in weight loss, all groups 
were theoretically similar in their inability to utilize and store 
calories. Yet there were large differences in caloric intake 
among the groups offered flavored solutions for the entire 10 
day period of exposure. Although glucose could not benefit 
the animals metabolically by replacing lost caloric stores or 
providing even immediate energy the group offered 0.3 M 
glucose consumed more calories over the entire 10 day 
period than the 0.3 M glycerol group. 

Third, it is not clear why diabetic animals would increase 
their intake of flavored solutions in order to obtain calories 
when calories were also available in the food. Since we did 
not measure food intake we do not know if animals reduced 
their food intake to compensate for calories obtained in the 
flavored solutions. The absence of differences in weight gain 
despite differences in caloric intake during the initial (pre- 
diabetic) exposure to flavored solutions suggests that this 
might be the case in normal animals. In addition, in unpub- 
lished work we have found that diabetic animals provided 
with a 0.3 M glycerol solution instead of water reduce their 
food intake to compensate for calories obtained. If the dia- 
betic animals were drinking primarily for calories it is un- 
likely they would reduce food intake because this would lead 
to a loss of caloric intake. 

If the metabolism of fats and their by-products (e.g., 
glycerol) does become preferential in diabetes [2] and there- 
fore provide a supply of utilizable fuels, it may be that the in- 
creased intake of glycerol by diabetics is adaptive, leading to 
the increased palatability. On this basis we expected that 
diabetics might consume more glycerol than glucose. Since 
this did not occur we can only suggest that the increase 
intake of glycerol is attributable to enhanced palatability 
alone, similar to glucose, although it does not rule out the 
possibility that palatability is related to some metabolic 
events. In favor of this notion is the finding that 0.6 M 
glycerol stimulates more drinking in diabetic animals than 
0.3 M glycerol. In addition, the pattern of glucose and 
glycerol acceptance by diabetics appears to differ, despite 
the fact that both are more palatable than water. For exam- 
ple, although both 0.3 M glucose and 0.6 M glycerol stimu- 
late more drinking than water over 10 days of exposure, 
glucose, but not glycerol intake was enhanced on the first 
day of exposure and remained elevated above the other 
groups over the entire period. Contrary to this, the intake of 
animals offered 0.6 M glycerol was depressed on the first 
three days of exposure, after which it increased above 
animals offered either the lower concentration of glycerol or 
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water. Similarly it was only after 24 hours of exposure to 
flavored solutions that the intake of animals offered 0.3 M 
glycerol increased above the intake of animals offered water. 
Therefore, it is possible that the cause of enhanced palata- 
bility seen in diabetic animals offered glycerol differs from 
the cause of the palatability of glucose. 

The results of the present study also suggest that the en- 
hanced palatability of glycerol in diabetes does not interact 
with day/night metabolic differences since both normal and 
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diabetic animals offered glycerol instead of water drink more 
during the night than the day. 
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IN the last decade the evoked potential (EP) technique be- 
came widely used both in various fields of behavioral re- 
search and in clinical practice. Correlations were demon- 
strated between the changes of the late—*‘endogenous’’— 
components and a number of psychological factors like at- 
tention, expectancy, decision making, task relevance, etc. 
[6,15]. The interpretation of these important data is limited 
by the fact that our knowledge about the sources of the dif- 
ferent EP components is rather scanty. 

The early ‘‘classical’’ neurophysiological studies on the 
origin of the evoked potentials were carried out on 
anesthetized animals, and since in this condition the late 
waves did not appear, the studies were focused only on the 
primary components [2,5]. 

Recording of the intracortical field potentials in the be- 
having animal seems to offer an opportunity for the analysis 
of the origin of event related potentials, since it is generally 
accepted that the postsynaptic and slow dendritic potentials 
are the main constituents of the EP components and reflect 
the integrative processes of the cortical circuitry [16, 23, 24]. 
The multiple-contact electrodes, used so far for laminar re- 
cording of intracortical field potentials or spontaneous EEG 
activity, were made of wires glued together [9, 17, 20]. The 
serious disadvantage of this technique was that the tips were 
in the same puncture channel and consequently the record- 
ing was performed from damaged tissue. The possibility of 
development of low-resistant shunting between the tips can- 
not be ruled out if these electrodes are chronically im- 
planted. 

Our aim was to work out a method which enables us to 
record intracortical evoked field potentials simultaneously in 
various depths of the cortex of the freely moving animal with 


a chronically implanted multielectrode that overcomes the 
difficulties met by the previous ones. 


METHOD 
Electrode Preparation 


The multielectrode consisted of seven 50-75 um o.d. tef- 
lon coated platinum-iridium wires (Medwire Corp., USA). 
First, steel wires of the same o.d. were fixed together paral- 
lel to each other in such a way that the distance between 
them was kept at about 250-300 um. This set was embedded 
in disc-shaped silicon rubber so that the angle between the 
wires and the surface of the mould was 45 degrees. After the 
silicon rubber hardened, the steel wires were pulled out, 
their channels remaining in the mould. The platinum-iridium 
wires were led into these one by one. The wires remaining 
above the silicon rubber were embedded in dental acrylic 
forming a tiny cylinder of about 4-5 mm in diameter. After 
the hardening of the acrylic the rubber was removed. The 
wires protruding from the cylinder were cut so that the cut 
ends, serving as recording surfaces, were below each other 
perpendicular to the surface of the acrylic block (Fig. 1). The 
distance between the individual tips was 300 to 400 um in the 
different sets of multielectrodes. 


Implantation 


Up to now 18 multielectrodes were used in 9 cats. The 
animals were anesthetized by Nembutal (IP 40 mg/kg body 
weight) during the electrode implantation which was carried 
out under visual control using an operating microscope. 

After the dura was slit the electrode assembly was ad- 
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FIG. 1. Scheme of the chronically implantable multielectrode. 
Acrylic block (a), in which the teflon insulated wires (b) are em- 
bedded. The wires above (c) lead to the socket. 


vanced into the cortex by a micromanipulator. The wires 
entered the tissue independently lengthwise at an angle of 45 
degrees with respect to the cortical surface (Fig. 2A). In the 
final position, when the surface of the acrylic block reached 
the cortical surface, the electrode tips were situated below 
each other in intact cortical tissue (Fig. 2B). The acrylic 
block, holding the electrodes, was fixed to the skull with 
dental cement. For reference a stainless steel screw was 
placed into the bone covering the frontal sinus. All the elec- 
trodes were connected to a 26- or 34-pin miniature Winches- 
ter connector and then embedded in dental acrylic on top of 
the skull. Through a multilead low noise flexible cable the 
electrical activity was fed into high impedance FET input 
amplifiers and was stored on multichannel FM tape-recorder 
for further analysis (frequency limits 0.5 Hz-1.5 KHz). 


Experimental Procedure 


After surgery the cats were allowed at least one week for 
recovery. For the time of the experiments the cats were 
placed into a sound-attenuated cage. 

Auditory stimuli were clicks of 3/sec rate generated by 4 
kHz sine wave bursts of 1 msec duration. They were given 
through a tiny bone conductor fixed on to the animals’ 
foreheads to maintain the constant acoustic input [14]. Mid- 
dle ear muscles were tenotomized prior the experiments. 

After the conclusion of the experiments the cats were 
sacrificed and the electrode positions were verified by the 
conventional histological technique. 
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FIG. 2. A: The direction of movement of the multielectrode (arrow) 
during the implantation procedure. B: Final position of the electrode 
wires in the cortical tissue. 


RESULTS 


By multielectrodes made of teflon isolated platinum- 
iridium wires it was possible to record stable evoked poten- 
tials for more than two months. Figure 3 illustrates examples 
of averaged intracortical evoked field potentials, recorded 
from the AI area of the same animal in waking state and in 
Nembutal anesthesia. On the left side all components of the 
evoked responses are shown in 256 msec sweep time re- 
cords. The first record (S) was made from the surface of the 
cortex. The other evoked potentials (2-6) were recorded by 
successively deeper intracortical electrodes. On the right 
side superimposed early components recorded from different 
depths are shown. 

The waveform patterns of the responses in the alert 
animal were conspicuously different from that recorded in 
deep Nembutal anesthesia. The so-called *‘phase reversal” 
of the first surface positive component, known from classical 
studies, can be observed both in the waking and in the 
anesthetized animal. However, no phase reversal could be 
observed in the period following the early component. In the 
waking animal a late positive-negative wave appeared 
homogeneously throughout the whole depth of the cortex. In 
the anesthetized animal no late components could be re- 
corded from the cortical surface. However, high amplitude 
slow negative waves were detected from the deepest elec- 
trodes the peak latency of which was in the range of 100-120 
msec. 

The more detailed analysis of the simultaneously re- 
corded surface positive and deep negative early components 
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FIG. 3. Auditory EPs recorded in the waking (A and C) and in the Nembutal (30 mg/kg IP) anesthetized (B and D) animal. On the left side (A 
and B) responses recorded from the surface (S), and by the successively deeper intracortical electrodes (2-6) are shown. Sweep time: 256 
msec. Time of the click is indicated by the dots below the curves. On the right side (C-D) the early components recorded from the different 
depths are superimposed. Sweep time: 25 msec. The curves start 3 msec after the application of the click. EPs are averages of 32 responses. 


revealed a considerable time difference between their peaks, 
the deep one occurring 2 msec earlier. This increased to 2.5 
msec in Nembutal anesthesia (Fig. 3C and D). An interesting 
finding was that during the development of the Nembutal 
anesthesia the level of phase reversal of the first component 
gradually shifted from the depth toward the cortical surface. 

The evoked potential waveforms and the changes de- 
scribed above were similar in all animals if the electrodes 
were located in the Al area. 


DISCUSSION 


One of the limitations of evoked potential studies, now 
routinely performed by the bedside and also in behavioral 
experiments, derive from the fact that our knowledge about 
the origin of scalp recorded potential components is still very 
obscure. Systematic analysis of this problem was begun only 
recently [1, 3, 4, 11]. 

The analysis of single or multiple unit activity helps little 
to solve the issue, because the relationship between neuronal 
activity and field potentials is still poorly understood. 
Moreover, since intra- and extracellular recordings are per- 
formed in most of the cases from large neurons, the activity 
of superficial layers, comprised of small cells, is generally 
missed. However, the potential fields of these layers are 
supposed to contribute significantly to the electrical activity 
recorded on the scalp or on the cortical surface [8,26]. This 
proves the importance of the study of distribution of 
intracortical field potentials. 


Different techniques have been used for the recording of 
intracortical field potentials. John and Morgades [13] re- 
corded both evoked potentials and multiple unit activity with 
the same multielectrode in the freely moving cat. The single 
movable multielectrode does not make it possible to record 
simultaneously from different cortical depths which is desir- 
able in behavioral experiments, when dynamic changes may 
appear. The possible approach is the use of multicontact 
electrode which allows the simultaneous recording from a 
number of loci. One of the first types of these electrodes was 
introduced by Delgado and co-workers [9]. The electrode 
consisted of ‘‘seven fine wire leads bound together.’’ The 
distance between the neighbouring tips varied from 2 to 4 
mm. More sophisticated analysis was made possible by using 
two or three micropipettes that were glued together [7,10]. 

A revolutionary new type of multielectrode was intro- 
duced by Prohaska and co-workers [21,22]. The 8 or 16 con- 
tact electrodes were manufactured by thin film technology. 
This type of electrode has well controlled distance between 
the tips and the size of the recording surfaces and is small 
enough for recording both field potentials and multiunit activ- 
ity. Further studies are necessary to prove the stability of this 
electrode if implanted chronically. 

All of the mentioned multielectrodes are biased by the 
fact that the recording is made from a common puncture 
channel with only the deepest electrode situated in intact 
tissue. Extracellular fluid may fill the puncture channel thus 
introducing the possibility of forming low resistance path- 
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ways that can short-circuit the contacts. In this respect the 
situation is like when a single moving microelectrode is used 
which reportedly results in modifying the waveshape of the 
evoked potential as the tip is moved in the puncture channel 
[25]. 

To the best of our knowledge, the only systematic and 
thorough analysis of the laminar distrubition of evoked po- 
tentials in the auditory cortex of the freely moving animal 
was carried out by Hall and Borbély [12]. The effects of 
drugs and that of sleep-wakefulness were investigated. 
However, since these studies were performed on the lis- 
sencephalic rat with a single moving micropipette, the results 
are not easily transferable to the gyrificated cortex of the cat. 

Our electrode enables us to record field potentials simul- 
taneously from 6 successive depths of the cortex allowing 
the analysis of rapid and dynamic changes occurring in the 
behaving animal. In a preliminary study significant changes 
could be observed on the late components in the course of 
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the sleep-wakefulness cycle [18]. In the alert animal, the 
phase reversal of the early surface positive component 
seemed to be located more deeply than the classical data 
would suggest. This controversy was solved as evoked re- 
sponses were recorded during the development of Nembutal 
anesthesia, when the level of phase reversal shifted closer to, 
and finally reached that level known from data of the litera- 
ture. The low amplitude of the early components in the level 
of phase reversal resembles the phenomenon of the ‘‘zero 
zone’’ described by Petsche and co-workers [19]. The high 
amplitude late negative wave recorded in Nembutal 
anesthesia which is not recognizable on the surface of the 
cortex, calls the attention to the fact that epicortical record- 
ings do not give information about the activity of the whole 
cerebral cortex. Thus, the analysis of intracortical evoked 
field potentials in the behaving animal may give further data 
about the cortical integrative processes. 
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in Diabetic Rats 
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BRIEF, D. J. AND J. D. DAVIS. Glycerol reduces food intake in diabetic rats. PHYSIOL. BEHAV. 29(4) 577-580, 
1982.—Streptozotocin diabetic rats received four daily subcutaneous injections of glycerol or a glycerol solution in place of 
water for a seven day period. Both night and total food intake in the subcutaneous glycerol group were significantly 
suppressed below untreated diabetic controls. The oral glycerol group showed a nonsignificant decrease in night food 
intake and a significant reduction in day and total food intake. Consumption of additional fluid calories by the oral glycerol 
group contributed to the suppression of food intake in this group, but suppression in the subcutaneous group was unrelated 
to calculated calories obtained from glycerol. The oral glycerol group also consumed more of the glycerol solution than the 
other diabetic groups did of water. Results of this study support previous findings that subcutaneous and oral glycerol 
suppress food intake in normal rats although suppression with oral glycerol may have been related to caloric intake, and 
suggest that low plasma concentrations of insulin do not interfere with the effects obtained with glycerol in normal animals. 


Glycerol Diabetes Food intake Body weight 


EXOGENOUS glycerol administration by a variety of routes 
of administration has been shown in numerous studies to 
reduce food intake and body weight in the rat [5—10, 12-15, 
17]. Acute subcutaneous [14], intragastric [9], intraaortal [9] 
and hepatic-portal [15] administration have been shown to 
suppress short-term food intake and a prolonged decrease in 
food intake and body weight have been observed during 
chronic subcutaneous [10,17] and intraventricular [5, 7, 8] 
administration. There have also been studies indicating a 
suppression of food intake [10, 12, 13] and body weight [6, 
10, 12, 13] when glycerol is added to the diet. These results 
have generally been interpreted as support for the notion that 
glycerol provides the central nervous system (CNS) with 
information which is required for the regulation of body 
weight. Since the rate of glycerol release form adipocytes is 
proportional to their size [2], glycerol levels might provide 
the CNS with information on the current level of fat stores 
[17]. 

There is also some evidence which suggests that glycerol 
is only one component of a pattern of humoral signals which 
provides the CNS with information necessary to regulate 
body weight [10, 14, 17]. This view suggests that food intake 
might not be inhibited by elevated glycerol levels under cer- 
tain conditions, such as deprivation, if the increase in cir- 
culating glycerol is accompanied by a change in the concen- 
tration of some other plasma solute. In support of this view it 
has been found that the suppressive action of glycerol on 
food intake seen in satiated animals [5, 7, 8, 17] is either 
reduced [14] or abolished [17] by deprivation. 

There are a number of biochemical changes which have 
been documented to occur during deprivation [16]. Included 
among these changes are decreases in insulin levels and in- 
creases in free fatty acid (FFA) levels in the blood. Grinker ef 
al. [10] have suggested that it might be the ratio of glycerol to 


Streptozotocin 


FFA which is crucial in determining whether glycerol de- 
creases food intake, although no direct evidence for this was 
provided. Alternatively, Rezek and Novin [15] have 
suggested that systemic insulin availability might determine 
the magnitude of glycerol’s suppressive effects. 

The purpose of the present study was to further explore 
the relationship between insulin availability and the effec- 
tiveness of glycerol in suppressing food intake and body 
weight by examining the effect of chronic subcutaneous 
glycerol administration on intake and weight in the presence 
of chronically low insulin levels. 


METHOD 


Male albino rats, 90 days old and bred from Charles River 
stock, were housed individually in stainless steel cages. 
Animals were maintained on a 12 hour reverse light/dark 
cycle to which they had been adapted for 2 weeks prior to the 
experiment. Lights went on at 10 p.m. and off at 10 a.m. 
Food in the form of 45 mg P. J. Noyes pellets (52.9% carbo- 
hydrates, 5.6% fat and 23.9% protein) and water were avail- 
able at all times unless otherwise indicated. Food and water 
measurements were taken twice daily at the start of the dark 
portion of the day/night cycle (9:30 a.m.) and at the start of 
the light portion of the day/night cycle (9:30 p.m.) Body 
weight was recorded at the onset of dark. 

After obtaining baseline measurements on normal, ad lib 
fed rats, all animals were deprived of food for 24 hours. 
Twenty-four animals received intraperitoneal injections of 65 
mg/kg of streptozotocin in 0.05 M Na-Citrate buffer, pH 4.3. 
Within two days after streptozotocin all but one animal had 
glucose urine values greater than 2%, measured by Keto- 
Diastix (Ames Company). The animal whose urine glucose 
concentration was less than 2% was eliminated from the 
study. 
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Baseline food and water measurements were taken after 
the induction of diabetes for 5 day and 5 nights. By the end of 
this period seven animals had still not returned to their nor- 
mal, pre-diabetic baseline level of night food intake and so 
they were also eliminated from the study. At this time the 16 
remaining animals were ranked according to their average 
night food intake over the normal baseline period and di- 
vided into groups of three, matched for night food intake. 
Animals from each group of three were then randomly as- 
signed to one of the treatment groups. 

The three experimental groups included: (Group 1) un- 
treated diabetic animals (n=5), (Group 2) diabetics treated 
with glycerol subcutaneously (n=5) and (Group 3) diabetics 
provided with access to a 0.3 M glycerol solution instead of 
water (n=6). Group 2 was injected with 40 mg/kg of a 40 
mg/ml solution of glycerol (Fischer Laboratory grade, di- 
luted with distilled water), during the dark phase of the light/ 
dark cycle at 10 a.m., 1 p.m., 6 p.m. and 8 p.m. for seven 
days. All injections were given subcutaneously over the back 
of the neck. The dose selected for subcutaneous injection in 
this study was used in a previous study [17]. However, in 
contrast to the previous report in which injections were 
given every six hours over a 24 hour period we restricted our 
injections to the 12 hours of night. The decision to restrict 
injections to every four hours during the dark was based on 
unpublished findings which indicated that glycerol adminis- 
tered during the light was ineffective in reducing food intake. 
In contrast to the lack of a daytime effect with subcutaneous 
glycerol, oral glycerol has been shown to decrease food in- 
take of rats during both the day and night portion of the 
diurnal cycle [10]. Therefore, the oral glycerol group was 
provided with a 0.3 M glycerol solution instead of water for 
the entire 24 hours each day over the treatment period. The 
only exception to this was on the last day of glycerol treat- 
ment on which glycerol was replaced with water after 12 
hours of dark. The selection of a 0.3 M concentration of 
glycerol for the oral group was based on unpublished obser- 
vations that normal rats will consume a similar amount of 0.3 
M glycerol as they will of water over 24 hours when water is 
unavailable. 


Statistics 


There were four periods of interest in the present study: 
(1) baseline on normal ad lib fed animals (7 nights, 6 days) (2) 
baseline on ad lib fed streptozotocin diabetics (5 days, 5 
nights, following 24 hours of deprivation), (3) treatment 
period during which two groups received glycerol (7 nights, 6 
days) and (4) post-treatment period (3 nights, 4 days). 
Duncan-range post-hoc comparisons were used to analyze 
average changes in food, water and caloric intake, the aver- 
age daily change in body weight during treatment from day 
13 (the day before treatment began) and the average daily 
change in body weight after treatment from day 21 (the first 
day post-treatment). Although a one-way ANOVA indicated 
no body weight differences on the day before treatment, var- 
iability between the groups was high with respect to weight. 
To correct for this variability, an analysis of change in body 
weight relative to baseline was used. An average of daily 
changes in body weight relative to day 13 was selected be- 
cause of the high daily fluctuations in body weight for all 
groups during the treatment period. 


RESULTS 


Average daily food and water intake are presented in 
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FIG. 1. Mean daily food consumption (g) during pre- and post- 
diabetic stages of the experiment. Normal and diabetic baseline 
stages indicate ad lib food intake before and after the induction of 
streptozotocin diabetes. During the treatment stage, diabetic 
animals were given daily subcutaneous glycerol injections (SQ), a 
glycerol solution instead of water (O) or received no treatment. The 
post-treatment stage indicates a recovery period. 
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FIG. 2. Mean daily fluid consumption (ml) during pre- and post- 
diabetic stages of the experiment. Fluid consumption during the 
normal and diabetic baseline stages represents ad lib water intake. 
During the treatment phase, the oral glycerol group (O) was pro- 
vided with a 0.3 M glycerol solution instead of water. Untreated 
diabetics (C) and diabetics receiving daily glycerol injections (SQ) 
were given water during this stage. All groups were provided with 
water during the post-treatment stage. 


Figs. 1 and 2, respectively. Also seen in Figs. 1 and 2, is the 
relative contribution of intake during the light (i.e., day) and 
dark (i.e., night) portions of the light/dark cycle to the total 
daily intake. Day and night food and fluid intake were similar 
for the three groups during the pre-diabetic and diabetic 
baseline phases. All groups consumed more food and water 
during the night than the day both before and after the in- 
duction of diabetes, although diabetes enhanced food and 
water intake during both the day and night. 

Figures 1 and 2 both also illustrate the progressive in- 
crease in food and water intake which is characteristically 
found after the induction of diabetes in rats [1]. However, 
the average daily food consumption of animals treated with 
subcutaneous glycerol and animals offered 0.3 M glycerol 
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FIG. 3. Mean daily caloric intake (kcal) during pre- and post-diabetic 
stages of the experiment. Caloric intake during the normal and dia- 
betic baseline stages and the post-treatment stage is based on food 
calories. Caloric intake during the treatment period for the group 
offered a glycerol solution instead of water (O) is based on calories 
from food and fluid. Caloric intake during the treatment period is 
derived from food for untreated diabetics (C) and diabetics receiving 
daily glycerol injections (SQ). 


solutions instead of water was significantly less than the un- 
treated diabetic animals (p<0.05) during the treatment 
period. Although both glycerol groups also consumed less 
food at night than untreated diabetics this reduction was only 
significant at night for animals injected subcutaneously with 


glycerol (p<0.05). During the day the oral but not the sub- 
cutaneous glycerol group showed a significant reduction in 
food intake below untreated diabetics (p<0.05). 

In contrast to the reduction in food intake seen in the 


group treated with subcutaneous glycerol, there was 
no reduction in water intake below untreated diabetics during 
the treatment phase. In addition, while the oral glycerol 
group reduced food intake during the treatment phase they 
drank significantly more daily fluid when offered 0.3 M 
glycerol during treatment than untreated diabetic animals. 
This elevation was also significant during the dark (p<0.05) 
but not during the light. 

Although intake during both phases of the light/dark cycle 
continued to increase during the post-treatment period, there 
were no differences among the groups in average daily con- 
sumption or food intake during the night. However, despite 
the increase in day food intake in the groups which had re- 
ceived glycerol orally during treatment, day food intake was 
still significantly less on the final day of the post-treatment 
period (3 days after glycerol treatment ended) than untreated 
diabetics (p <0.05). 

Water intake also continued to increase during both 
phases of the light/dark cycle during the post-treatment 
phase for untreated diabetics and diabetics which had been 
receiving subcutaneous glycerol injections. On the other 
hand, animals offered 0.3 M glycerol decreased fluid intake 
relative to their intake during the treatment period during 
both the night and day so that by the final day of the experi- 
ment there were no longer differences in fluid intake between 
the groups. 

Figure 3 summarizes the total caloric intake. Increased 
caloric intake from a source other than food (i.e., glycerol 
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solution) may have a suppressive effect on food intake [9]. 
Therefore, we analyzed the possible contribution of calories 
obtained from glycerol to the reduction in food intake in the 
group provided with oral glycerol. However, since animals 
injected with glycerol subcutaneously received less that 0.5 
kcal/day the contribution of subcutaneous glycerol calories 
to the reduction in food intake was not examined. 

Caloric intake during the normal and diabetic baseline 
periods was similar between groups. During the treatment 
period the group provided with a 0.3 M glycerol solution 
consumed an average of 230 ml during the night and 93 ml 
during the day, which yielded approximately 27 fluid 
kcalories at night and 11 fluid kcalories during the day. As a 
result, the average total caloric consumption of the oral 
glycerol group was the same as the group of untreated dia- 
betics. Therefore, although the oral glycerol group reduced 
total food intake in response to glycerol treatment, they were 
consuming as many calories as the untreated diabetics over 
24 hours. 

Caloric consumption of the oral glycerol group was also 
similar to the untreated diabetic group during both the day 
and night during treatment. However, since the oral glycerol 
group did show a significant reduction in daytime food intake 
relative to untreated diabetics, the consumption of a similar 
number of calories during this portion of the cycle reflected 
the contribution of fluid calories to the intake of the oral 
glycerol group. 

Animals weighed an average of 353+37.3 at the start of 
the experiment. All animals gained weight during the normal 
ad lib feeding period (an average of 29.5+10.03 grams) and 
lost weight after injection with streptozotocin (an average of 
35+9.3 grams). A one-way ANOVA indicated that there 
were no group differences in body weight on day 13 (the day 
before treatment), F(2,13)=1.85, p >0.1962. 

Although the untreated diabetic group showed an average 
daily increase during treatment of 3.8 (+2.9) grams and the 
subcutaneous group showed an average daily loss of 3.20 
(+6.16) grams, this difference was not significant. The oral 
group showed an average daily increase of 1.79 (+6.77) 
grams which was less but not significantly different than un- 
treated diabetics. There were no significant differences in 
average daily weight change during the period following 
treatment or in body weights on the final day of the experi- 
ment. 


DISCUSSION 


Normal rats have previously been shown to reduce food 
intake and body weight during chronic subcutaneous 
glycerol administration [10,17]. The present study was de- 
signed to determine if chronic subcutaneous glycerol admin- 
istration would similarly reduce the food intake and body 
weight of rats when circulating insulin was reduced by the 
induction of streptozotocin diabetes. The results presented 
here suggest that chronically low insulin levels due to dia- 
betes do not interfere with or enhance the ability of glycerol to 
suppress food intake in rats. Diabetic rats showed a signifi- 
cant reduction in daily food consumption during the period 
of glycerol administration below untreated diabetic animals. 
Further this decrease could be attributed entirely to a reduc- 
tion during the night which coincided with the time of 
glycerol administration. Since the number of calories re- 
ceived by an animal treated subcutaneously with glycerol 
was less than 0.5 kcal/day and these animals reduced their 
intake by an average of 59 kcal/day during the treatment 
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period, the reduction in food intake does not appear related 
to increased caloric consumption. 

Although we used the same total daily dose as Wirtshafter 
and Davis [17] we did not use the same injection schedule. They 
injected their animals every six hours, whereas we injected 
our animals every four hours during the night only. There- 
fore, our results are not directly comparable to those based 
on this dose in normal animals. In spite of these differences, 
the magnitude of the suppression of food intake obtained 
with diabetic animals in the present study (24%) was similar 
to the size of the reduction obtained with normal rats (20%) 
[17]. 

In the present study oral as well as subcutaneously ad- 
ministered glycerol suppressed 24 hour food intake in dia- 
betic rats. The number of calories obtained each day from 
food during treatment was virtually the same for the group 
consuming glycerol orally (199 kcal/day) and the group pro- 
vided with glycerol subcutaneously (193 kcal/day) and both 
of these groups consumed less food calories than the un- 
treated group (253 kcal/day). However, the group provdied 
with glycerol orally consumed as many total calories over 24 
hours as untreated diabetics during the treatment period if 
food and fluid calories are combined. Therefore, the effect of 
oral glycerol on food intake cannot be separated from the 
increased caloric consumption attributable to glycerol. 
These results differ from the results of another study [10] 
which examined the effect of the administration of a con- 
trolled dose of oral glycerol (1 g/kg/day) on food intake and 
body weight of normal rats. These investigators found that 
the 1.25% increase in calories obtained from glycerol could 
not account for the reduction in food intake in their animals. 
Therefore, further work needs to be done to determine 
whether oral glycerol decreases food intake independently of 
its contribution to caloric intake in diabetic animals. 

It should be noted that there was a trend towards greater 
weight loss in the subcutaneous glycerol-treated group and 
less weight gain in the oral glycerol-treated group than in the 
untreated diabetic group. However, these differences failed 
to reach statistical significance. Since other investigators 
have found reliably significant weight losses in normal 
animals with subcutaneous injections [17] and oral con- 
sumption [6, 10, 12, 13], the effects obtained here with dia- 
betics do not replicate the findings with normals. One possi- 


BRIEF AND DAVIS 


ble reason for this is that daily variability within groups was 
high, possibly as a consequence of consumption of large 
quantities of fluid which was not controlled relative to the 
time of body weight measurements. Furthermore, diabetic 
rats, unlike normal rats, do not gain weight over time, they 
lose weight [1]. Therefore, there is no reason to believe that 
glycerol would lead to a further reduction in body weight. 

The question of why the oral glycerol group consumed large 
quantities of glycerol is also intriguing. One possible expla- 
nation for this effect is a diabetes-induced alteration in 
palatability. Diabetics have previously been shown to prefer 
concentrated glucose solutions over saccharin in contrast to 
normals [11]. Therefore, the large consumption of glycerol 
might also be a result of a change in palatability. A recent 
study [4] supports this interpretation. This study found that 
normal rats offered a glycerol solution instead of water con- 
sumed the same amount of glycerol as water over 24 hours. 
In contrast to normal rats, however, diabetic animals offered 
glycerol instead of water consumed significantly more fluid 
over 24 hours than animals offered water. Therefore, the 
palatability of glycerol appeared to be enhanced by diabetes. 

It has been suggested by some investigators that glycerol 
has a suppressive effect on food intake because of its ability 
to provide energy through its conversion to glucose by the 
liver [3,14]. However, Rezek and Novin [15] have shown 
that hepatic-portal infusions of glycerol have a greater sup- 
pressive effect on food intake than glucose. Glick [9] has also 
shown that the effects of glycerol administered by gastric 
intubation differ from glucose in the time course and inten- 
sity of the suppression with the glycerol effect being delayed, 
longer-lasting and occurring at half the energy value of glu- 
cose. The fact that subcutaneous glycerol has a suppressive 
effect on food intake in diabetics despite the impairment of 
peripheral glucose utilization also argues against the in- 
terpretation that conversion to glucose is responsible for the 
affect of glycerol on food intake and body weight in normal 
rats. 
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VAN HULZEN, Z. J. M. AND A. M. L. COENEN. Effects of paradoxical sleep deprivation on two-way avoidance 
acquisition. PHYSIOL. BEHAV. 294) 581-587, 1982.—Immediately following 72 hrs of paradoxical sleep (PS) depriva- 
tion, Wistar rats were given a shuttle-box avoidance task consisting of 50 trials. At an interval of 6 days retention was 
assessed through a reacquisition session of 20 trials. In a first experiment, the pendulum technique was employed for PS 
deprivation and its effects were compared with those produced by the conventional watertank technique. The first 
technique consists of arousing animals from sleep before PS can arise, by swinging their cages in a way that produces 
postural imbalance at regular intervals. A moving pendulum just not causing imbalance in the animals served as control for 
this technique. As control for the watertank technique the large platform was chosen. Shuttle-box avoidance was greatly 
impaired during the second half of the acquisition session in both platform conditions as compared to both pendulum 
conditions. A relatively small deficit was found toward the end of the session in both PS deprivation conditions as 
compared to both control conditions. No differences in avoidance were established during retention testing, suggesting that 
performance rather than learning deficits occurred during acquisition. In a second experiment, the multiple platform was 
used for PS deprivation. This modified version of the watertank technique also disrupted performance during shuttle-box 
avoidance acquisition. However, this effect appeared to be less pronounced than the effect found in the classical platform 
condition of Experiment 1. It is concluded that the performance deficit induced by both the classical and the multiple 


platform condition was mainly due to nonspecific effects. 


Paradoxical sleep Paradoxical sleep deprivation 


Avoidance conditioning 





STUDIES in rodents have shown long-term paradoxical 
sleep (PS) deprivation to produce variable effects on acqui- 
sition of avoidance behaviour (see [17,23] for review). In 
general, one-trial passive avoidance acquisition and/or 
short-term retention was found to be unaffected [8, 9, 18, 
28], one-way active avoidance acquisition to be impaired [12, 
28, 30], and two-way avoidance acquisition to be differen- 
tially affected [1,24]. The common perspective of these 
studies was the question of whether PS plays a role in the 
recovery or maintenance of the organism's capacity to proc- 
ess and store information [11, 19, 22]. The ambiguous nature 
of effects provided by this paradigm has prompted inves- 
tigators either to dismiss the *‘preparatory’’ hypothesis of PS 
or to question the validity of the PS deprivation treatment 
[2,17]. 

Converging lines of evidence suggest that the effects of 
PS deprivation on acquisition of avoidance behaviour are 
mediated, at least in part, by changes in central catechola- 
minergic activity. Firstly, it has been demonstrated that cat- 
echolamine agonists are effective in reversing the disruptive 
effects of PS deprivation on one-way active avoidance ac- 
quisition [12,30]. Secondly, several studies have indicated 
that the integrity of central catecholamine function is neces- 
sary for acquiring or maintaining active avoidance respond- 
ing, (e.g., [4, 14, 20]). Finally, alterations in brain catechol- 
aminergic activity have been reported as a result of pro- 
longed PS deprivation [16, 25, 26, 29]. A difficulty became 
manifest in the last type of studies, however, in that config- 
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urations of effects were established that reminded most of 
the authors of a possible role of stress, (cf., [31]). 

The problem of dissociating between PS deprivation and 
stress effects still obscures the animal literature on PS depri- 
vation. A plethora of behavioural effects has been reported 
as a result of PS deprivation, the significance of which is 
difficult to ascertain (see [6,34]). The one instrumental 
technique which has commonly been employed for PS depri- 
vation in small animals is the ‘“‘watertank’’ technique [13]. 
Applying another PS deprivation technique may provide an 
answer as to whether PS deprivation or stress is the major 
determinant of the reported effects. Recently, the ‘‘pen- 
dulum”’ technique has been presented as an alternative of the 
conventional watertank technique [32]. In a first attempt to 
reevaluate the effects of PS deprivation on avoidance learn- 
ing, the two techniques now available were compared as to 
their effects on two-way avoidance acquisition in rats. Ef- 
fects were found that were highly dependent on the type of 
technique used. 


EXPERIMENT | 


METHOD 


Animals 

Naive male Wistar rats from the WU(SPF63 Cpb) strain 
[15] were used in this experiment. They were supplied by 
TNO, Zeist, The Netherlands, at the age of 2 to 3 months. 
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FIG. 1. Mean number of avoidances in the acquisition and retention 
session of shuttle-box avoidance for small platform (SP), large plat- 
form (LP), pendulum experimental (PE), and pendulum control (PC) 
groups. Retention was tested at an interval of 6 days after training. 


The animals were singly housed in standard laboratory cages 
with free access to food and water. The experimental room 
in which they were maintained was temperature controlled 
(20-22°C) and artificially illuminated on a 12:12 hr light-dark 
schedule. White lights (500-600 lux) were on from 21:30 to 
09:30 hr and dim red lights (2-3 lux) from 09:30 to 21:30 hr. 
At least two weeks were allowed to the rats to acclimate to 
the housing conditions, during which time they were handled 
almost daily. Immediately prior to the experimental treat- 
ment the animals weighed 333+ 19 g (mean+SD). 


Apparatus 


PS deprivation was established in the animals by employ- 
ing the watertank or the pendulum technique. In the first 
technique the conventional platform situations were utilized. 
The experimental condition consisted of a small flowerpot 
placed upside down in the middle of a watertank. The water- 
tank was filled with water to a level of approximately 1 cm 
below the top of the platform. The diameter of the platform 
measured 6.2 cm. Food and water were provided ad lib from 
a wire mesh lid covering the watertank. As control condition 
the same situation was used except that the platform was of 
greater dimensions (12.8 cm in diameter). In the second 
technique the situations used were similar to those previ- 
ously described [33]. Briefly, the experimental condition was 
a swing varying the position of the animal’s cage in a way 
that produces postural imbalance at regular intervals. The 
length of the intervals permitted the animals to obtain brief 
periods of slow wave sleep (SWS) but prevented them from 
passing to PS. In the control condition a swing was used 
moving across a distance just not causing postural imbal- 
ance in the animal. 

Two-way avoidance conditioning was carried out in 
Perspex shuttle-boxes placed in sound-attenuating cabins. 
The shuttle-box (402545 cm) was divided into two com- 
partments by a barrier extending 3 cm above a grid floor. A 
tone with a frequency of 4000 Hz and a loudness of 70 dB 
served as conditioned stimulus (CS). The unconditioned 
stimulus (UCS) was an electric shock with an intensity of 0.3 
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FIG. 2. Mean number of intertrial crossings in the acquistion and 
retention session of shuttle-box avoidance for small platform (SP), 
large platform (LP), pendulum experimental (PE), and pendulum 
control (PC) groups. 


mA, delivered through the grids of the box. Training was 
conducted under dim red light providing 2-3 lux at the floor. 


Procedure 


Rats were randomly assigned to one of four conditions: 
(a) the small platform, (b) the large platform, (c) the pen- 
dulum experimental, and (d) the pendulum control condition 
(n=18 per condition). Animals of the third and fourth condi- 
tion were familiarized with special cages (30 x 2535 cm) that 
were adapted for the pendulum. Each animal was subjected 
to its respective treatment for a period of 72 hrs. The treat- 
ment was completed just before the onset of the dark phase 
of the illumination cycle (09:30 hr). Immediately thereafter 
rats were transferred to an adjacent room to train them in 
shuttle-boxes. The training session consisted of 50 trials of 
two-way avoidance conditioning. A period of 15 min of free 
exploration was allowed before the first training trial. Each 
trial was signalled by the onset of the CS. If the rat crossed to 
the opposite compartment within 3 sec the CS was termi- 
nated. Otherwise the UCS was initiated and continued in 
conjunction with the CS until an escape response was made. 
The maximum duration of the UCS was limited to 10 sec. 
The intertrial interval varied randomly between 48 and 72 
sec. After completion of the acquisition session the animals 
were weighed. Retention was assessed through a reacquisi- 
tion session after an interval of 6 days, again at the beginning 
of the dark period. The session consisted of a series of 20 
trials preceded by a 5 min exploratory period. As measures 
of training the numbers of habituation crossings, avoidances, 
and intertrial crossings were scored. The number of fecal 
boli the animals deposited during the acquisition and reten- 
tion session was also noted. 


RESULTS 


For the purpose of statistical analysis the mean numbers 
of avoidances and intertrial crossings were calculated per ar- 
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bitrary blocks of 10 trials (see Figs. 1 and 2). The mean 
number of habituation crossings was determined for the 
entire exploratory period, providing one score for the acqui- 
sition and one for the retention session. To analyse these 
data a multivariate analysis of variance program [7] was con- 
ducted according to a 2x2 factorial design. Deprivation 
treatment and Technique of deprivation were the main fac- 
tors tested for. With respect to avoidances the analysis 
showed that both platform conditions exhibited significantly 
fewer responses on the third to the fifth trial block of the 
acquisition session, as compared to both pendulum condi- 
tions, F(1,68)=8.95, p<0.01; step down F(1,68)=10.98, 
p<0.01; F(1,68)=18.09, p<0.001; step down F(1,68)=9.13, 
p<0.01; F(1,68)=39.07, p<0.001; step down F(1,68)=13.74, 
p<0.001. The analysis further revealed that both deprivation 
conditions exhibited significantly fewer responses on the 
fifth trial block of the acquisition session, as compared to 
both nondeprivation conditions, F(1,68)=6.91, »><0.05; step 
down F(1,68)=5.58, p<0.05. No significant main effects 
were found for the two trial blocks of the retention session. 
The Deprivation treatment x Technique of deprivation in- 
teraction effect did not reach significance on any of the trial 
blocks of acquisition and retention. For intertrial crossings it 
was shown that both platform conditions exhibited signifi- 
cantly more responses on the second trial block of the ac- 
quisition session, as compared to both pendulum conditions, 
F(1,68)=7.15, p<0.01; step down F(1,68)=5.52, p<0.05. 
Furthermore, both deprivation conditions exhibited signifi- 
cantly more responses on the second and the fifth trial block 
of the acquisition session, as compared to both nondepriva- 
tion conditions, F(1,68)=14.93, p<0.001; step down 
F(1,68)= 13.64, p<0.001; F(1,68)=7.88, p<0.01; step down 
F(1,68)=8.05, p<0.01. For the two trial blocks of the reten- 
tion session no significant main effects were established. Be- 
cause the interaction effect approached significance on the 
second trial block of the acquisition session, F(1,68)=3.28, 
0.07<p<0.08, and reached significance on the fifth trial 
block, F(1,68)=5.60, p<0.05, the simple main effects in- 
volved were analysed by Scheffé post hoc comparisons 
(a=0.05). From these analyses it appeared that the main 
effects for intertrial crossings were mainly due to differences 
between the small platform and large platform condition. 
With respect to habituation crossings, a tendency toward 
more responses during the acquisition session was found in 
both platform conditions as compared with both pendulum 
conditions, F(1,68)=3.72, 0.05<p<0.06, whereas signifi- 
cantly fewer responses were established during the retention 
session, F(1,68)=8.18, p<0.01. The main effect of Depriva- 
tion treatment did not reach significance during acquisition 
and retention. The interaction effect appeared to be signifi- 
cant during the acquisition session only, F(1,68)=6.30, 
p<0.05. Scheffé post hoc comparisons (a=0.05) revealed a 
significant difference between the small platform and the 
pendulum experimental condition and not between the large 
platform and the pendulum control condition. 

The amount of stress the animals experienced during 
treatment was roughly assessed by measuring the percentage 
of weight loss (pretreatment weight = 100 percent). The mean 
(+SD) percentage of weight loss was 7.4+2.2% for the 
small platform, 5.7+2.5% for a large platform, 8.5+ 1.8% for 
the pendulum experimental, and 2.7+1.7% for the pendulum 
control condition. A one-way analysis of variance revealed 
significant differences among the four conditions, overall 
F(3,68)=27.21, p<0.001. As indicated by Scheffé post hoc 
comparisons (a=0.05), the two deprivation conditions did 


TABLE | 


MEDIAN NUMBER OF FECAL BOLI DEPOSITED 
BY RATS DURING THE ACQUISITION AND RETENTION 
SESSION OF SHUTTLE-BOX AVOIDANCE 





Acquisition Retention 





Small 0.14 0.40 
Platform (0.32)* (2.15) 


Large 0.25 5.50 
Platform (1.06) (1.94) 


Pendulum 5.17 4.90 
Experimental (1.79) (2.13) 


Pendulum 4.75 5.50 
Control (2.93) (3.18) 





*In parentheses: the semi-interquartile range. 


not differ significantly from one another. Likewise, no signif- 
icant difference was established between the small platform 
and the large platform condition. However, the pendulum 
experimental appeared significantly different from the pen- 
dulum control condition. 

In pilot work it was noticed that animals exhibited rela- 
tively little defecation during shuttle-box avoidance training 
after their removal from the small platform situation. For this 
reason the number of fecal boli the animals deposited during 
the acquisition and retention session was determined for the 
four treatment conditions (see Table 1). A Kruskal-Wallis 
nonparametric analysis of variance [27] was conducted in 
analysing these data. Significant differences among the four 
conditions were found for the acquisition session, 
H(3)=21.143, p<0.01, corrected for ties, but not for the re- 
tention session, H(3)=7.038, p>0.05, corrected for ties. 
Subsequent Mann-Whitney U tests (two-tailed) on the ac- 
quisition data indicated that the two deprivation conditions 
were significantly different from one another, U=54.0, 
p<0.002. A significant difference did not appear between the 
small platform and large platform condition, U=142.5, 
p>0.10, and, similarly, between the pendulum experimental 
and pendulum control condition, U=144.5, p>0.10. 


EXPERIMENT 2 


In Experiment | an impairment of shuttle-box avoidance 
acquisition was found, for which procedural differences be- 
tween the watertank and the pendulum technique appeared 
to be mainly responsible. Given this result it was considered 
worthwhile to further explore the possibility that stress ac- 
companying the watertank technique was implicated in the 
disruptive effect. Recently, a new version of the watertank 
technique has been developed, which apparently induces a 
lower level of stress [33]. Using this condition for PS depri- 
vation may provide additional insight into the main factor 
underlying the avoidance deficit. 


METHOD 


Animals 


Subjects were 54 naive male Wistar rats from the 
WU(SPF63 Cpb) strain [15]. They were 2 to 3 months of age 
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FIG. 3. Mean number of avoidances in the acquisition and retention 
session of shuttle-box avoidance for multiple platform (MP), multi- 
ple control (MC), and home cage (HC) groups. Retention was tested 
at an interval of 6 days after training. 


upon arrival from the supplier (TNO, Zeist, The Nether- 
lands). Prior to the beginning of the experiment rats were 
similarly housed and treated as the animals of Experiment 1. 
They weighed 357+28 g (mean+SD) at the start of the exper- 
imental treatment. 


Apparatus 


The multiple platform condition was used for PS depriva- 
tion. It consisted of seven small flowerpots placed upside 
down in a watertank, one in the centre and the remaining 
ones around. They were positioned at a distance of 4.5 cm 
from each other and 4 cm from the wall of the watertank 
(measured at the top). Each platform measured 6.6 cm in 
diameter. Food and water were provided in the same way as 
in the single platform situation (see Experiment 1). In this 
condition animals can easily move from one platform to an- 
other but are unable to utilize more than one platform for 
sleeping on. In the control condition the centre-pot was re- 
placed by a cup-like platform, consisting of a flowerpot 
placed upright in a stand with a wire-mesh floor (dia. 10.2 
cm) 1.6 cm below the rim of the pot. This platform enables 
the animal to sleep without danger of falling into the water. 

Two-way avoidance training was carried out under iden- 
tical conditions as in Experiment 1. 


Procedure 


Rats were randomly assigned to one of three conditions: 
(a) the multiple platform, (b) the multiple control, and (c) the 
home cage condition (n=18 per condition). They were main- 
tained in their respective condition for a period of 72 hrs. 
Immediately following the treatment, at the onset of the dark 
period (09:30 hr), they were tested for acquisition of 
shuttle-box avoidance and 6 days later for retention. Proce- 
dures for conditioning were the same as in Experiment 1. 
Animals were weighed after completion of the acquisition 
session. 


RESULTS 


Data on the three measures of the shuttle-box avoidance 
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FIG. 4. Mean number of intertrial crossings in the acquisition and 
retention session of shuttle-box avoidance for multiple platform 
(MP), multiple control (MC), and home cage (HC) groups. 


task were determined using the same dependent variables as 
in Experiment |. Figures 3 and 4 present the mean numbers 
of avoidances and intertrial crossings for the three treatment 
conditions. These data were analysed by conducting a 


MANOVA-program [7], according to a one-way factorial 
design. For avoidances significant differences among the 
three conditions were found on the fourth and the fifth trial 
block of the acquisition session, F(2,51)=15.27, p<0.001; 


step down  F(2,51)=12.11, p<0.001;  F(2,51)=19.55, 
p<0.001; step down F(2,51)=4.99, p<0.05. No significant 
differences were established for the two trial blocks of the 
retention session. Scheffé post hoc comparisons (a=0.05) 
revealed that the multiple platform condition exhibited sig- 
nificantly fewer responses than the multiple control condi- 
tion on the fourth and the fifth trial block of the acquisition 
session, whereas the multiple control and the home cage 
condition did not manifest significant differences. With re- 
spect to intertrial crossings, the analysis revealed that the 
three groups were significantly different on the first to the 
fourth trial block of the acquisition session, F(2,51)=6.61, 
p<0.01; F(2,51)=7.54, p<0.01; step down F(2,51)=2.82, 
0.06<p<0.07; F(2,51)=8.63, p<0.001; step down 
F(2,51)=1.91, p>0.15; F(2,51)=5.61, p<0.01; step down 
F(2,51)=0.29, p>0.75, and on the first trial block of the 
retention session, F(2,51)=6.00, p<0.01. From Scheffé post 
hoc comparisons (a=0.05) it appeared that the multiple plat- 
form condition exhibited significantly more responses than 
the multiple control condition on all data points having a 
significant overall effect. The comparisons between the mul- 
tiple platform and home cage condition did not reveal signifi- 
cant differences. With respect to habituation crossings it was 
found that the three groups were significantly different dur- 
ing the acquisition session only, F(2,51)=5.69, p<0.01. 
Scheffé post hoc comparisons (a=0.05) revealed signifi- 
cantly more responses in the multiple platform condition 
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than in the multiple control condition. The latter condition 
and the home cage condition were not significantly different 
from one another. 

The percentage of weight loss was assessed as a rough 
measure of the amount of stress experienced by the animals 
during treatment. The mean (+SD) percentages of weight 
loss were 3.5+ 1.6%, 1.3+1.4%, and —0.9+4.5% for the mul- 
tiple platform, the multiple control, and the home cage con- 
dition, respectively. A one-way analysis of variance was 
conducted on these data revealing significant differences 
among the three conditions, overall F(2,51)=31.50, p<0.001. 
On the basis of Scheffé post hoc comparisons (a=0.05), a 
significant difference was found between the multiple plat- 
form and the multiple control condition as well as between 
the multiple control and the home cage condition. 

As in Experiment 1, a defecation score was determined 
during the acquisition and retention session for the three 
treatment conditions (see Table 2). In analysing these data a 
Kruskal-Wallis nonparametric analysis of variance was con- 
ducted. This analysis revealed a significant treatment effect 
for the acquisition session, H(2)=22.947, p<0.01, corrected for 
ties, but not for the retention session, H(2)=2.714, p>0.05, 
corrected for ties. Subsequent Mann-Whitney U tests (two- 
tailed) on the acquisition data indicated that the multiple 
platform and multiple control condition were significantly 
different from one another, U=30.5, p<0.002, whereas no 
significant difference was established between the multiple 
control and the home cage condition, U=136.5, p>0.10. 


GENERAL DISCUSSION 


In the present investigation acquisition of shuttle-box 
avoidance was shown to be highly vulnerable to long-term 
PS deprivation by means of the watertank technique. In ac- 
cordance with literature findings [1, 12, 28, 30], this confirms 
the detrimental nature of this treatment for acquisition of 
active avoidance behaviour. The selectivity of this treat- 
ment, however, is questioned by the finding that the pen- 
dulum technique failed to produce a corresponding effect. 
Apparently, a procedural aspect of the watertank techngiue 
unrelated to PS deprivation mainly accounts for this effect. 

The percentage of weight loss during treatment did not 
clearly differentiate between the watertank and the pen- 
dulum technique. This seems to indicate that stress was not 
of prime importance in disrupting shuttle-box avoidance ac- 
quisition. However, since the pendulum technique is based 
on forced activity, the index of weight loss may not sensi- 
tively reflect the amount of stress accompanying this tech- 
nique. The possibility that stress was still implicated, at least 
in part, in the disruption of avoidance acquisition may be 
derived from the observation that the deficit was less severe 
in the multiple platform condition than in the small platform 
condition, the first producing a lower percentage of weight 
loss than the latter (see also [33]). Unexpectedly, a strong 
dissociation occurred between both PS_ deprivation 
techniques with respect to the defecation score. Animals in 
the small platform, the large platform and the multiple plat- 
form condition displayed relatively little defecation during 
the acquisition session. Consequently, the data on this 
measure seem to be more in parallel with the impairment of 
acquisition than those on the measure of weight loss. Rats 
displaying little defecation during an open field test after 
exposure to the small platform condition have been charac- 
terized as being less emotionally reactive [21]. This interpre- 
tation must be viewed cautiously, however, because changes 


TABLE 2 


MEDIAN NUMBER OF FECAL BOLI DEPOSITED 
BY RATS DURING THE ACQUISITION AND RETENTION 
SESSION OF SHUTTLE-BOX AVOIDANCE 





Acquisition Retention 





Multiple 0.25 4.50 
Platform (0.69)* (2.63) 


Multiple 6.83 6.10 
Control (3.33) (1.58) 


6.17 5.00 
(1.35) (2.19) 


Home 
Cage 





*In parentheses: the semi-interquartile range. 


in defecation occurring during the immediately preceding PS 
deprivation treatment might have contaminated the test 
score. 

A deterioration of shuttle-box avoidance acquisition, that 
progressively evolved during the second half of the acquisi- 
tion session, was found mainly in the two platform experi- 
mental conditions. There are several arguments which 
suggest that changes in central catecholaminergic activity 
are involved in this effect. Heightened utilization and syn- 
thesis of brain catecholamines, especially norepinephrine, 
has been reported after prolonged PS deprivation (e.g., [26]). 
Furthermore, acquisition or maintenance of active 
avoidance responding is generally known to rely on cate- 
cholaminergic activity of the brain [10]. Following the PS 
deprivation treatment, then, utilization of brain catechola- 
mines may be expected to increase further in a learning situ- 
ation requiring sustained active avoidance responding. It 
may depend on the degree of imbalance between the proc- 
esses of synthesis and utilization whether a deficit in active 
avoidance responding will eventually emerge [3]. PS depri- 
vation has been hypothesized to disrupt catecholamine 
functioning of the brain in one way or another [11]. For this 
reason it would be particularly detrimental to acquisition of 
avoidance behaviour [12,30]. The findings of the present ex- 
periments, however, suggest that nonspecific concomitants 
of the watertank technique rather than PS deprivation are 
involved in this kind of deficit (cf., [35]). 

Inherent in the paradigm of the present experiments is 
that acquisition of shuttle-box avoidance took place against 
the background of a particular sleep-waking activity. The 
characteristics of this activity may largely depend on the 
degree and selectivity of the preceding PS deprivation treat- 
ment. With respect to both PS deprivation techniques a high 
degree of PS deprivation was pursued, of which loss of SWS 
is an inevitable consequence. Although not scrutinized, 
sleep preparatory behaviours during the acquisition session 
were noticed more frequently in rats of the two platform 
experimental conditions than in those of the pendulum ex- 
perimental condition. Therefore, the induction of incipient 
sleep processes interfering with avoidance performance 
might have been different in the two PS deprivation tech- 
niques. On the basis of the available data, however, it is 
difficult to determine which of the potentially important fac- 
tors (PS deprivation, loss of SWS, and perhaps stress) con 
tributed most to the promotion of sleep. Probably, a careful 
examination of the quality and pattern of sleep-waking ac- 
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tivity following PS deprivation would allow a more definite 
conclusion. Anyway, the rebound of PS produced during the 
immediate postdeprivation period (i.e., 3 hrs) does not seem 
to be inferior in the pendulum technique [32] as compared 
with the watertank technique [36]. 

The acquisition deficits observed in the present experi- 
ments were not reflected in differential retention perform- 
ances at an interval of six days. This suggests that perform- 
ance rather than learning or short-term memory processes 
were affected by the various PS deprivation treatments. The 
present paradigm, however, does not allow one to conclude 
that long-term memory processes also remained unaffected. 
Prolongation of susceptibility to memory disruption by an 
electroconvulsive shock has been reported after long-term 
PS deprivation by means of the watertank technique (see [9] 
for review). In view of the present findings, it is obvious to 
suggest that nonspecific concomitants of this PS deprivation 
treatment have rendered the amnestic agent more effective. 
There remains, however, the theoretical possibility that pro- 
longed PS deprivation specifically impairs processes that 
enhance resistance to memory disruption (i.e., memory 
maintenance processes). 

Increases in the number of crossings were established 
during the exploratory period, as well as during intertrial 
intervals of the acquisition session. This effect predomi- 
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nantly occurred in the platform experimental conditions. The 
phenomenon of enhanced locomotor activity following PS 
deprivation has conventionally been interpreted in terms of 
the neural excitability hypothesis of PS [5]. In this hypoth- 
esis PS deprivation is assumed to heighten neural excita- 
bility of the waking state. The present findings cast doubt on 
the specificity of this phenomenon. Furthermore, they raise 
the question of whether it is characterized by a concomitant 
increase in electroencephalographic arousal. 

In summary, locomotor activity was found to be en- 
hanced and shuttle-box avoidance performance to be se- 
verely disrupted following 72 hrs of PS deprivation by means 
of the watertank technique. Similar effects could not be rep- 
licated in using the pendulum technique. Therefore, the 
possibility that these phenomena are not due to PS depriva- 
tion per se must seriously be considered. 
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DeEBOLD, J. F., C. W. MALSBURY, V. S. HARRIS AND R. MALENKA. Sexual receptivity: Brain sites of estrogen 
action in female hamsters. PHYSIOL. BEHAV. 29(4) 589-593, 1982.—In order to investigate the brain sites of estrogen 
action, ovariectomized hamsters were stereotaxically implanted with unilateral 27 gauge cannulae containing estradiol. 
Groups of females received implants into either the lateral septum, bed nucleus of the stria terminalis, preoptic area, 
anterior hypothalamus, ventromedial hypothalamus, arcuate nucleus, corticomedial amygdala or mesencephalic central 
gray. Another set of animals received implants containing cholesterol. One week later the animals were injected with 
progesterone and 4-5 hours later tested for sexual receptivity. The most receptivity and the most consistent response was 
seen in females with estradiol implants in the ventromedial hypothalamus. Only a few scattered animals in the other 
anatomical groups showed any receptivity. Only in animals with implants in the anterior hypothalamus was there any 
evidence of leakage of estrogen into peripheral circulation as measured by uterine weight. There was no response in 
females with cholesterol implants. Our results suggest that the ventromedial hypothalamus is the most sensitive brain area 
for the estrogenic induction of female sexual receptivity in hamsters. 


Sexual behavior Receptivity Estradiol Ventromedial hypothalamus Preoptic area 
Intracranial implants Female hamsters 


DETERMINING the sites of action of a hormone is basic to More recent studies, however, using implants containing 
understanding its mode of action. In female rodents, sexual small quantities of crystalline estradiol or estradiol benzoate 
receptivity is dependent on estrogen. Autoradiographic have concluded that the ventromedial hypothalamus is the 
studies of the distribution of tritiated estradiol have revealed most sensitive hypothalamic site for the priming of sexual 
that the brain contains estrogen-concentrating neurons receptivity [2, 6, 25]. Studies in most other species have also 
grouped in specific regions. The pattern of distribution of focussed on the ventromedial hypothalamus and preoptic 
such neurons is similar across species and always includes area as effective sites for intracranial estrogen stimulation 
medial preoptic-medial hypothalamic tissue as well as a [10, 21, 22, 24, 26]. An exception to this pattern is found in 
number of other sites [23]. Hypothalamic implants of estro- female hamsters. In hamsters, estrogen implants only in the 
gen can induce sexual receptivity, and this is consistent dorsal-medial anterior hypothalamus near the paraventricu- 
with the idea that medial preoptic-medial hypothalamic tis- lar nucleus have been reported to induce sexual receptivity 
sue contains neurons which mediate estrogen’s effects on [5]. In that study implants into either the preoptic area or 
receptivity. ventromedial hypothalamus were ineffective. These data 
The use of intracerebral implants provides the most direct were discussed in the context of possible species differences 
approach to the question of estrogen’s sites of action. How- in the hypothalamic sites of estrogen action [5]. 
ever, such studies have sometimes produced conflicting evi- In contrast, recent lesion studies suggest species 
dence concerning the location of behaviorally effective im- similarities, rather than differences, in the hypothalamic con- 
plants, even within hypothalamic tissue. In rats the preoptic trol of receptivity. In female rats and hamsters, lesions which 
area [13] and the ventromedial hypothalamus [11] were each included the ventromedial nucleus most effectively inter- 
claimed to be the most effective site for inducing receptivity. fered with hormone-induced receptivity, while more ros- 
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trally placed lesions in the medial anterior hypothalamus 
were ineffective [17,20]. Lesion data cannot provide direct 
evidence concerning the site of action of estrogen. However, 
the fact that medial anterior hypothalamic lesions did not 
interfere with receptivity in hamsters suggests that this re- 
gion cannot be the only site of estrogen’s action in inducing 
receptivity. 

The present study was designed to more thoroughly 
examine the question of the brain site(s) of estrogen action in 
inducing receptivity in the hamster. We have used relatively 
small (27 gauge), unilateral implants of crystalline estradiol- 
17 B (E,) to explore hypothalamic and extrahypothalamic 
regions of the hamster brain reported to contain large num- 
bers of estrogen-concentrating neurons [12]. Sexual recep- 
tivity was most consistently induced with implants in or near 
the ventromedial nucleus of the hypothalamus. More rostral 
implants, in the medial anterior hypothalamus, were some- 
times effective, but in these cases receptivity was often ac- 
companied by increased uterine weights, indicating that 
hormone was entering the systemic circulation. Several ef- 
fective implants were also located in the region of the medial 
nucleus of the amygdala. 


METHOD 
Animals 


Adult, female golden hamsters (Mesocricetus auratus) 
obtained from Lakeview Hamster Colony, Newfield, NJ 
(outbred strain, Lak: LVG) were housed individually in stain- 
less steel, solid bottom cages (25x 18x 18 cm) with Sanicel® 
bedding and paper tissue nesting material. Rat chow and 
fresh cabbage were supplied. The animal colony was kept on 
a 14:10 light:dark cycle with the lights off at 10 a.m. After the 
females had been in the animal colony for at least a week, 
they were bilaterally ovariectomized using sodium pen- 
tobarbital anesthesia. One week following ovariectomy each 
female was injected with 62 yug/kg of estradiol benzoate. 
Body weight was approximately 120-150 g. Two days later 
the females were then given 3 mg/kg of progesterone. Both 
injections were administered subcutaneously and the hor- 
mones were dissolved in sesame oil. 


Behavior Tests 


Four to five hours after an injection of progesterone the 
subjects were tested for sexual receptivity. These behavioral 
tests were conducted in the animal colony approximately 
midway through the dark phase of the light-dark cycle. The 
test was initiated by placing a female onto a 36 cm diameter 
platform. After a short adaptation period a sexually experi- 
enced male hamster was also placed on the platform. The 
male was allowed to investigate and mount the female but 
prevented from achieving an intromission. For two minutes 
the occurrence of lordosis was recorded. The male was then 
removed and the female was tested for her response to 
experimenter-applied stimuli. First, the experimenter lightly 
rubbed the female’s flank between the rib cage and 
perineum. Next, the experimenter cupped a hand over the 
dorsal and lateral body surface of the female. A third type of 
stimulation was produced by holding a male by the loose skin 
of the upper back and repeatedly placing him on the 
hindquarters of the females. After each set of stimuli the 
occurrence, duration and intensity of lordosis was recorded 
and tabulated separately. 

Immediately following this series of experimenter-applied 
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stimuli the female was placed into the home cage of a sexu- 
ally active male for 5 min. During this time the lordosis la- 
tency and total lordosis duration (TLD) were recorded. If 
fighting occurred the pair was briefly separated, but if this 
occurred repeatedly the test was terminated to prevent seri- 
ous injury. Further details of the behavioral testing proce- 
dure have been published previously [17]. 


Implantation 


Ovariectomized females which had been sexually recep- 
tive after injections of estrogen and progesterone received 
intracranial implants the following day. For stereotaxic 
placement the hormone implants were made from 27 gauge 
(o.d.=0.4 mm, i.d.=0.2 mm) stainless steel tubing. The tip of 
each cannula was beveled, then tapped 15 times into a thin 
layer of crystalline E, on a glass slide. The subjects were 
anesthetized with sodium pentobaribtal (80 mg/kg) and posi- 
tioned in a stereotaxic instrument. Each female received a 
single cannula aimed at one of the following brain areas: The 
ventral septum bed nucleus of the stria terminalis (b.n.s.t.), 
medial preoptic area (MPO), anterior hypothalamus (AH), 
ventromedial hypothalamus (VMN), cortico-medial amyg- 
dala (CMA) and mesencephalic central gray (CG). The 
coordinates for these sites were based on a stereotaxic atlas 
of the hamster forebrain which uses a flat-skull orientation 
[15]. In another group of animals cholesterol containing 27 
gauge cannulae were aimed at either the AH or VMN. The 
cannulae were secured in place with 0-80 stainless steel 
screws and dental cement. A final set of females received a 
single 27, 23 or 21 gauge cannula placed under the skin of 
their backs. 

One week following surgery, all implanted females were 
injected with 3 mg/kg progesterone and 4 to 5 hours later 
tested for receptivity. (A pilot study on 10 hamsters which 
received intracranial E, implants, including 4 located in the 
VMN, demonstrated that estrogen implanted female ham- 
sters are not receptive without progesterone.) After this test- 
ing session the animals were killed with an overdose of anes- 
thetic and intracardially perfused with 0.9% saline and then 
10% Formalin. During the saline perfusion the uteri were 
removed and cleaned of adhering fat and connective tissue. 
A 1.5 cm section of each uterine horn was weighed. After the 
completion of the perfusion, the implant and brain were re- 
moved. The cannulae were inspected and the brains placed 
into Formalin for at least 5 days. Two days before cutting, 
brains were put into 20% sucrose-Formalin. The brains were 
frozen and cut at 50 yw, then stained with cresyl violet. 


RESULTS 


Some of the estradiol implanted hamsters were sexually 
receptive one week after implantation. Females which went 
into the lordosis posture in response to experimenter-applied 
stimuli were also receptive to male hamsters. The reverse 
was not always the case, therefore the TLD in the 5 min test 
with a male was used as the primary measure of receptivity. 
Figure 1 shows the distribution of all medial estradiol im- 
plants and whether or not they were effective. All estradiol 
implants with tips totally within the VMN were effective, 
while implants in other areas were only occasionally associ- 
ated with receptivity. A quantitative breakdown of response 
is shown in Table 1. The proportion of receptive animals 
with estradiol implants into or near the VMN (72%) is higher 
than for any other brain region, x”, p<0.05. However, the 
degree of receptivity as measured by TLD was similar 
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FIG. 1. Sagittal section (0.6 mm off midline [14]) depicting the neural 
loci of medial implants of estradiol-178 in female hamsters. Half-filled 
circles indicate implant sites associated with sexual receptivity in 
behavioral tests. Open circles indicate sites with no effects on sexual 
behavior. Brain areas are labelled in Fig. 3. 


among all positive animals. If a female responded at all, the 
TLD was independent of the implant site. Although there 
were a few receptive animals with implants in the AH (19%), 
in this brain area there was also significant stimulation of 
uterine weight associated with the receptivity, 7(25)=3.96, 
p<0.05 and +0.71 correlation. In all other brain regions 
there was no significant stimulation of uterine weight or cor- 
relation of uterine weight and TLD. Besides the VMN, the 
next most effective area was the CMA (27% responders). 
However, within the CMA there was no consistent pattern in 
the location of implants associated with receptivity and 
negative sites. The occasional positive sites were in- 
terspersed with the negative sites. This is shown in Fig. 2. 
Placement of cholesterol containing cannulae into the 
VMN or AH had no effect on receptivity or uterine weight. 
As shown in Table 1, these animals were uniformly nonrecep- 
tive. The locations of these implants are shown in Fig. 3. 
Females which received subcutaneous implants of 27 
gauge estradiol cannulae, the same size used intracranially, 
were unreceptive. This can be seen in Table 2. Larger sub- 
cutaneous implants (23 or 21 gauge) were required for signif- 
icant stimulation of uterine weight and sexual receptivity. 


DISCUSSION 


In this experiment the VMN was demonstrated to be 
clearly more sensitive to local administration of estradiol for 
the priming of sexual receptivity than any other estradiol- 
concentrating area. Estrogenic stimulation of the VMN in 
female hamsters is not only reliably sufficient to provide the 
priming for receptivity, the functional integrity of the VMN 
[17], its ability to synthesize proteins [7] and its antero-lateral 
connections [16, 18, 19] are necessary for the behavioral 
response to estradiol. This cannot be said for any of the 
other estrogen-concentrating areas tested in this experiment. 
Thus, the VMN appears to be the primary neural processing 
area for the action of estradiol on the induction of sexual 
receptivity. 


TABLE | 


EFFECT OF ESTRADIOL OR CHOLESTEROL IMPLANTS IN 
DIFFERENT BRAIN REGIONS ON TOTAL LORDOSIS 
DURATION (TLD) AND UTERINE WEIGHT OF 


OVARIECTOMIZED FEMALE HAMSTERS 





Receptivity 


TLD (sec) 


Uterine 
Weight (mg)* 





Estradiol 
Septum- 
b.n.s.t. 
MPO 


negative 
positive 
negative 
positive 
negative 
positive 


94 


203 


210 + 38 


59.0 + 2.87 
54.9 
66.5+ 4.4 
61.6 
59.9+ 2.7 
88.3 + 9.6 


negative . 67.8+ 6.4 
positive 152 + 19 66.7+ 3.9 
negative 60.3 + 6.5 
positive — 

negative 54.6+ 4.6 
positive . 55.1 + 10.1 
negative 57.4+ 4.9 
positive _ 


Cholesterol 
AH negative 
positive 
VMN negative 
positive 





*Weight of two 1.5 cm sections, one taken from each uterine horn. 
*+Mean + standard error. 


This conclusion agrees with a number of recent papers on 
the localization of estrogen action in female rats [2, 6, 25]. 
However, it is contrary to the conclusion of Ciaccio and Lisk 
[5]. There are some important differences between the 
methods of that earlier paper and the present report. First, 
Ciaccio and Lisk [5] had relatively few actual estrogen 
placements in the VMN. Second, their behavioral criteria for 
receptivity were unclear. Third and perhaps most important 
they used cannulae which contained fused estradiol. This 
procedure requires bringing estradiol to its melting point and 
drawing it into the tubing by capillary action. This seems to 
produce a cannula with a very different rate or form of re- 
lease than cannulae containing estradiol crystals. Induction 
of receptivity in the Cicaccio and Lisk [5] study required 23 
gauge cannulae; 27 gauge cannulae were completely ineffect- 
tive. In our experiment 23 gauge cannulae were effective 
when implanted subcutaneously and in the earlier report [5] 
they were not. In addition, in a pilot study, 25 gauge cannulae 
containing estradiol crystals implanted into the hypothala- 
mus stimulated receptivity but also markedly stimulated 
uterine weight. Larger cannulae cause more tissue damage 
during implantation and stimulate a larger area of the brain, 
increasing the range of diffusion. 

In the present study diffusion was assessed by uterine 
weight. This is only a fair bio-assay of circulating estradiol, 
and it does not directly determine the spread of estradiol 
within the brain. In fact, with our procedure it was about as 
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FIG. 2. Cornal sections (0.4, 0.6 and 0.8 mm posterior from bregma 
[14]) depicting the neural loci of lateral implants of estradiol-176 in 
female hamsters. Effective and ineffective sites are coded as in Fig. 
1. Abbreviations: C=cortical nucleus; M=medial nucleus of the 
amygdala. 


sensitive as the behavioral tests to peripherally administered 
estrogen (see Table 2), although others have found uterine 
weight gain to be more sensitive to estrogen leakage [2]. 
Another way of assessing diffusion from intracranial can- 
nulae is to examine the pattern of effective sites. In our 
experiment the effective implant sites in the VMN were 
tightly clustered together whereas in other brain regions the 
few effective sites were scattered and interspersed with 
negative sites. The uniformity and consistency of response 
within the VMN in comparison to other areas is consistent 
with the hypothesis that the VMN is the most sensitive re- 
gion for the priming of receptivity. 

A number of effective sites were located in the medial 
anterior hypothalamus in the region of effective sites re- 
ported earlier [5]. However, effective sites in the AH also 
produced significant diffusion of E, into the circulation as 
demonstrated by increased uterine weights in these females 
(Table 1). In fact, E, implants at behaviorally effective sites 
in the AH produced somewhat greater uterine stimulation 
than the same 27 gauge E, implants placed subcutaneously 
(compare uterine weights in Tables 1 and 2). In a recent 
detailed examination of the blood supply of the rat hypothal- 
amus, it was reported that the magnocellular cell groups in- 
cluding the paraventricular nucleus and the accessory mag- 
nocellular cell groups scattered in the AH are characterized 
by an exceptionally dense network of capillaries [1]. This 
might provide an explanation of why a few implants in the 
AH produced exceptional diffusion into the general circula- 
tion with resulting stimulation of uterine weight associated 
with sexual receptivity. 
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FIG. 3. Sagittal section (0.6 mm off midline [14]) depicting the neural 
loci of implants of cholesterol in female hamsters. None of the cho- 
lesterol implants resulted in sexual receptivity. Abbreviations: 
AC=anterior commissure; ARC=arcuate; CC=corpus callosum; 
CF=commissure of the fornix; CG=central gray; DM=dorsomedial 
hypothalamus; F=fornix; LS=lateral septal area; MAH=medial 
anterior hypothalamus; MB=mammillary body; MPO=medial 
preoptic area; MT=mammillo-thalamic tract; OC=optic chiasm; 
SC=suprachiasmatic nucleus; VMN=ventromedial nucleus. 


TABLE 2 


EFFECT OF DIFFERENT SIZES OF SUBCUTANEOUS IMPLANTS OF 
ESTRADIOL ON TOTAL LORDOSIS DURATION (TLD) AND UTERINE 
WEIGHT OF OVARIECTOMIZED FEMALE HAMSTERS 





Uterine Weight 
(mg)* 


Subcutaneous 


Estradiol TLD (sec) 





7 0 67.6+ 4.01% 
105.5 + 10.8 
166.3 + 10.8 


27 ga. 
23 ga. 10 181 + 39 
21 ga. 10 292+ 2 





*Weight of two 1.5 cm sections, one taken from each uterine horn 
*Mean + standard error 


Although the primary site of action of estradiol on sexual 
receptivity may be the VMN, this does not mean that the 
VMN is the only site of estradiol action. Other estrogen- 
concentrating regions may have modulatory roles which 
perhaps are neither necessary nor sufficient for receptivity 
but which may be important nonetheless. It could require 
more careful and comprehensive behavioral observations to 
detect possible deficits in the sexual behavior of VMN im- 
planted hamsters. Such deficits might reflect the lack of es- 
trogen action at such a modulatory site. In our experiment 
peripheral administration of E, with the largest cannulae re- 
sulted in a greater mean TLD than did VMN implants. This 
may reflect a submaximal E, stimulation via the smaller uni- 
lateral intracranial cannulae rather than a deficit due to only 
stimulating the VMN. 
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In addition, estradiol has other physiological and behav- 
ioral effects at the sites which were negative for receptivity. 
For example, estradiol implants into the arcuate nucleus did 
not influence sexual receptivity, but an earlier report 
demonstrated the arcuate to be the most sensitive site for the 
inhibition of ovulation in hamsters [14]. Estrogenic stimula- 
tion of the dorsal POA and the b.n.s.t. is effective for the 
induction of male copulatory behavior [8]. Sexual receptivity 
is only one of a large number of physiological and behavioral 
processes influenced by estradiol. 

The demonstration of the VMN as the primary site of 
estradiol action on receptivity also has implications for 
models of progestin action. In addition to facilitating recep- 
tivity in estrogen-primed hamsters, progesterone also can 
inhibit receptivity. The most sensitive area in hamsters for 
this action of progesterone is in the ventral mesencephalon 
[9]. Thus, in female hamsters the priming action of estradiol 
and the inhibitory action of progesterone are strongest at two 
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quite separate sites. This is not entirely consistent with 
models of progesterone action based on stimulation and 
availability of estrogen-induced progesterone receptors 
[3,4]. The induction of progesterone receptors by estrogen in 
the mesencephalon is apparently not particularly strong. 
However, there has been no clear demonstration of the locus 
of progesterone’s excitatory action on receptivity in ham- 
sters. It would be interesting to determine if this also occurs 
at the VMN or at a separate site. 
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MATHEWS, D. AND S. JAMISON. Effects of ethanol consumption on materna! behavior in the female rat. PHYSIOL. 
BEHAV. 29(4) 595-597, 1982.—Female rats consuming 30% ethanol (v/v) for 30 days prior to and during gestation, and 
during the post-partum period were tested for maternal behavior with either their own pups or pups provided by normal 
foster mothers. When tested with their own pups, ethanol consuming females displayed significant deficits in maternal 
behavior. However, when a second group of ethanol consuming females were tested with normal pups, the females 
displayed maternal behavior comparable to that of control females. These data suggest that gestational ethanol consump- 
tion per se does not produce a deficit in the ability to display maternal behavior. Possibly, due to ethanol related changes in 
the pup’s own characteristics, they became a less attractive stimulus in eliciting the display of maternal behaviors from 
their mothers. 

Female rats Prenatal drug effects 


Maternal behavior Ethanol consumption 


FOLLOWING parturition, female rats display an organized 
pattern of maternal behaviors including nest building, gen- 
eral body and genital licking of the young, retrieval of the 
young to the nest, and the adoption of the lactating posture 
over the young [8]. Abel [1,2] has recently reported that the 
display of these maternal behaviors is disrupted by the ma- 
ternal ingestion of ethanol during gestation. He suggested 
that this deficit was due to the female’s inability to respond 
maternally toward the young, possibly because of a direct 
alteration in central nervous system mechanisms underlying 
maternal behavior. 

However, the display of maternal behavior is dependent 
upon eliciting sensory cues provided by pups [3,8]. The 
possibility exists that ethanol alters the ability of a pup to act 
as an effective stimulus for maternal behavior. Ethanol eas- 
ily crosses the placenta [7,11] and it would be expected that 
at birth, offspring of ethanol consuming dams would retain 
ethanol. The presence of ethanol might affect the pups in 
ways which render them less attractive to their mothers, 
e.g., by altering the pups own behavior. If such is the case, it 
would be expected that given the appropriate stimulus, i.e., 
normal pups from ethanol-free mothers, ethanol consuming 
females would display normal levels of maternal behavior. 
This would suggest that the consequences of ethanol inges- 
tion somehow alter the ability of the pups to elicit maternal 
behavior, rather than altering the female’s ability to respond 
maternally. 

The purpose of the present study therefore was to deter- 
mine the effects of gestational ethanol intake upon female 
rats’ display of maternal behavior, both in response to their 
own pups and in response to pups provided by ethanol-free 
foster mothers. 





METHOD 


Subjects 

The subjects were nulliparous female Long-Evans rats 
(Simonsen Farms, California) 60-80 days of age at the be- 
ginning of the study. Females were randomly divided into 
two groups. One group (ETOH) received 30% ethanol (v/v) 
in distilled water as their only drinking fluid, while the sec- 
ond group (HOH) received distilled water. Each rat was 
housed individually, given access to Purina Lab Chow and 
the appropriate drinking fluid ad lib, and maintained on a 
reversed light-dark cycle (14 hours on-10 hours off). 


Impregnation and Parturition 


Prior to impregnation, all females were maintained on 
either ethanol or water for at least 30 days. Fluid intake and 
body weight were measured daily throughout the study. 
Only those ETOH females who maintained or surpassed 
their pre-ETOH body weight were retained for the study. 
This resulted in the exclusion of only two rats. 

Following this 30 day period, each female was placed with 
a proven Long-Evans stud male, and remained with him until 
a vaginal copulatory plug or actual mating was observed. 
Two to three days before the estimated day of parturition, 
females were placed in plastic maternity cages (48.3 
x 26.7x20.3 cm) and were supplied with wood shavings for 
nesting material. On the day of birth, pups were weighed 
and sexed. The post-partum females continued the con- 
sumption of either water or ethanol throughout the testing 
period. 
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TABLE |! 


MATERNAL BEHAVIOR IN FEMALE RATS CONSUMING EITHER 
30% ETHANOL (ETOH) OR WATER (HOH) DURING GESTATION 





% Maternal* 


on 3 


Group Test Days 


% Cannibalizing 
and/or 
Killing Pups 


% Presence 
of a Nest 





HOH with own 100 


pups 

ETOH with own 107 
pups 

ETOH with HOH 75 
foster pups 


100 


10¢ 


88 





*A female was considered maternal only if she retrieved all pups in less than 15 
minutes (900 seconds) on all three tests days and neither killed nor cannibalized 


pups. 


*Significantly different from HOH group at p<0.005 and from ETOH with HOH 
foster pups at p<0.01 (Fisher Exact Test, 2 tailed). 
. Significantly different from HOH and ETOH with HOH foster pups at p<0.005 


(Fisher Exact Test, 2 tailed). 


Tests for Maternal Behavior 


Beginning on the day of parturition, females were tested 
on three consecutive days for maternal behavior during the 
dark phase of the light-dark cycle. One group of ETOH 
females (N=10) and the HOH females (N=13) were tested 
with their own pups. A second group of ETOH females 
(N=8) were tested with normal pups provided by foster 
mothers. Six ETOH females were tested with both their own 
pups and then again with foster pups. Foster pups were one 
to three days of age and were provided by normal mothers 
not participating in the study. 

Testing consisted of removing all pups from the female's 
cage and noting whether the female had been crouching over 
the pups and/or had a nest. A nest was considered present if 
all pups had been gathered together in a confined area in one 
corner of the cage. The nest, if present, was flattened, the 
pups were then scattered in the cage and a 15 minute retriev- 
ing test began. In tests using foster pups, three to five normal 
pups were provided. In tests using a female’s own pups, all 
pups were scattered for her to retrieve. The time required to 
retrieve all pups was recorded and a female was considered 
maternal only if she retrieved all pups within 15 minutes on 
all three days. At the conclusion of the retrieval test, all pups 
remained with the female for the next 24 hours. A female was 
considered nonmaternal if she failed to retrieve pups, or if 
she killed or cannibalized the pups. 


RESULTS 
Maternal Behavior Tests 


Data for maternal behavior in ETOH and HOH females 
are presented in Table 1. Female rats given ethanol during 
gestation and postpartum and then tested postnatally with 
their own pups showed significant deficits in maternal behav- 
ior when compared with control females (p<0.01, Fisher 
Exact Test, 2 tailed) and with ETOH females tested with 
normal foster pups (p<0.02, Fisher Exact Test, 2 tailed). 
Only one female in the ETOH group tested with their own 
pups built a nest or retrieved pups in less than 15 minutes. Of 
the remaining nine females in this group, three failed to re- 
trieve their pups on each of three consecutive test days, two 


TABLE 2 


MATERNAL BEHAVIOR IN 6 ETOH FEMALES TESTED 
WITH THEIR OWN AND FOSTER PUPS 





Mean Time to 
Retrieve Foster Pups 
(900 Second Test) 
Maternal 
Toward 
Foster Pups 


Maternal 
Toward 


Female Own Pups Day | Day 2 Day 3 





29 (-) (+) 124 
30 (—) (—) — 
36 (-—) (+) ; 25 
38 (—) (+) 186 
43 (—) (+) 60 
46 (—) (+)* 105 





*Killed foster pups on initial test day but thereafter was maternal. 


others attacked and killed their pups, and the remaining four 
cannibalized their pups. None of these rats built nests. 

In marked contrast, ETOH females tested with normal 
foster pups did not differ significantly from the control group 
in the display of maternal behavior, including comparable 
retrieval times and presence of a nest. Only one of the eight 
females in this group failed to retrieve pups during the 15 
minute test on three consecutive days of testing. However, 
she did have the pups gathered under her each morning fol- 
lowing the test and she did eventually raise these pups. One 
other female, after retrieving pups in 43 seconds on the first 
day of testing, cannibalized test pups on the second day of 
testing. 

Six of the ETOH females initially tested with their own 
pups were also tested for maternal behavior with foster pups. 
While all six had either killed or cannibalized their own pups, 
only two of these six ever killed any of the normal foster 
pups. One killed all foster pups presented and the other did 
so only on the initial test day. Thereafter, she became mater- 
nal with pup retrieval times comparable to that of control 
females (Table 2). 





ETHANOL CONSUMPTION AND MATERNAL BEHAVIOR 


TABLE 3 


EFFECTS OF GESTATIONAL ETHANOL CONSUMPTION ON PREGNANT RATS 
AND THEIR OFFSPRING 





Group 


ET 


‘OH (N=18) 


HOH (N=13) 





Mean body wt (g) at beginning 
of study 

Mean wt gain (g) for 
pregnant rats 

Mean daily fluid (ml) intake 
during pregnancy 

Mean number pups/litter 

Mean pup birth wt (g) 


240.9 


35.2 


22.8 


7.4 


5.28 


+ 21.9 S.D. 


24.7 S.D. 


35.0 S.D.* t 21.6 S.D. 


11.7 $.D.* 16.4 S.D. 
2.4 S.D. 


0.5 S.D. 


3.8 S.D. 
0.9 S.D.* 





*Significantly different from HOH group, p<0.0001. 


Maternal Fuild Intake, Weight Gain, and Pup Birth Weight 


Fluid intake data for both groups are found in Table 3. 
Throughout gestation, HOH females consumed significantly 
more fluid than did ETOH females, with an average daily 
intake of 49.9 ml of water compared to the ETOH females 
average daily intake of 22.8 ml of 30% ethanol, 1(29)=9.39, 
p<0.0001. Both groups showed a substantial decrease in 
fluid intake on the day of birth. 

Maternal body weight data are also found in Table 3. 
While females in both groups began the study at comparable 
body weights, HOH females gained significantly more 
weight during pregnancy than did ETOH females, 
1(29)=5.65, p<0.0001. This difference in weight probably re- 
sulted from the effects of decreased fluid consumption on 
food intake in females drinking ethanol. Consistent with 
previous reports [6,10] pups born to HOH females weighed 
significantly more at birth than did pups born to ETOH 
females, 1(27)=5.59, p<0.0001. (Two litters of pups were 
killed before they could be weighed, Table 2.) Maternal 
weight gain and litter birth weight were significantly corre- 
lated, r=+.695, p<0.0001. There was no significant differ- 
ence between HOH and ETOH pups with regard to sex ratio 
of the pups or litter size. 

The differences between ETOH and HOH females in fluid 
consumption and body weight were substantial. However, 
these differences cannot account for our findings which indi- 
cate that ethanol and water consuming females can show 


comparable levels of maternal behavior when they are tested 
with normal pups. The deficits in ethanol consuming females 
display of maternal behavior in response to their own pups 
are therefore most likely due to alterations in the pups them- 
selves. 

DISCUSSION 


The present study demonstrates that post-partum female 
rats ingesting ethanol are quite capable of displaying 
adequate levels of maternal behavior in response to normal 
rat pups. This suggests that the deficient maternal behavior 
observed with alcoholic females and their own young lies 
perhaps in the pups own behavior or in impaired mother-pup 
interactions. It is not clear from the present study what the 
source of the impairment is, but there are several 
possibilities. Olfactory stimuli [3,9] and pup vocalizations, 
especially those in the ultrasonic range [4,5] exert strong 
influences upon the display of maternal behavior in the rat. 
Prenatal exposure may alter these sensory qualities of the 
pups, thereby reducing their effectiveness as a stimulus for 
maternal behavior. The alcoholic pups’ smaller size and 
probably reduced activity levels may also contribute to their 
mothers’ deficient maternal responsiveness. It is clear from 
the present study, however, that ethanol consuming females 
do not suffer from an ethanol mediated inability to display 
maternal behavior. Provided with an effective stimulus, i.e., 
a healthy normal pup, ethanol consuming female rats are 
quite capable of displaying adequate maternal behavior. 
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LORENZ, D. N. AND S. A. GOLDMAN. Vagal mediation of the cholecystokinin satiety effect in rats. PHYSIOL. 
BEHAV. 29(4) 599-604, 1982.—Central (intracerebroventricular) and peripheral (intraperitoneal) injections of the oc- 
tapeptide of cholecystokinin (CCK-8) were compared to determine the most effective route of administration to elicit 
satiety for food intake in the rat. Subdiaphragmatic bilateral vagotomy and spinal cordotomy (T2-T3) were also performed 
to investigate the importance of visceral nerves for the satiety effect. CCK-8 suppressed feeding and elicited satiety resting 
behavior when injected peripherally but it was less effective when injected centrally. The satiety effect of CCK-8 or 
CCK-33 following peripheral injections was blocked by vagotomy whereas spinal cordotomy had no effect. The results 
indicate that some component of the vagus is required to mediate the peripherally induced cholecystokinin satiety effect, 
but the splanchnic nerves are not necessary. The weak effect of CCK-8 following ventricular administration is additional 
evidence suggesting that cholecystokinin of intestinal origin acts in the periphery rather than directly on the brain to elicit 


its typically rapid satiety effect in rats. 


Satiety behavior 
Intraperitoneal route 


Feeding behavior 
Ventricular route 


THE intestinal hormone cholecystokinin has been impli- 
cated as a satiety signal specific for food intake [39]. Periph- 
eral injections of the cholecystokinin extract (CCK-33) or its 
C-terminal octapeptide (CCK-8) quickly suppress food in- 
take in sham feeding rats [10], in rats feeding normally [9], in 
monkeys [11], and in man [16]. Cholecystokinin also elicits 
resting behavior which characterizes satiety for food in the 
rat when administered intraperitoneally [3] or intravenously 
{21}. 

Little is known about the mechanism or site of action 
responsible for this dramatic hormonal effect. The initial hy- 
pothesis was that cholecystokinin acts directly on the brain. 
Caerulein, an amphibian decapeptide similar to CCK-8 in 
structure and biological activity [1], has been reported to be 
more effective for the suppression of food intake following 
injection into the lateral ventricle or directly into the ven- 
tromedial hypothalamus (VMH) than following peripheral 
administration in rats [42]. These preliminary results, how- 
ever, have not been supported. Prolonged ventricular infu- 
sions of CCK-8 [6] or pulse injections of CCK-8 [13] or 
caerulein [15] into the lateral ventricle did not decrease feed- 
ing in rats, and ventricular injections of CCK-33 did not de- 
crease bar pressing for food during the first meal in food 
deprived rats [23]. Moreover, VMH lesions do not abolish 
the suppression effect of CCK-8 in rats [17,40]. 

An alternative hypothesis for the mechanism of action is 
that cholecystokinin affects the brain indirectly by activating 





Cholecystokinin 


Vagotomy Spinal cordotomy 


vagal and/or splanchnic afferent nerves from the gut. In the 
first test of this hypothesis the satiety effect of CCK-8 was 
not disrupted by subdiaphragmatic vagotomy [2]. However, 
in more recent reports [20,40], and in this report, vagotomy 
blocked the suppression effect of cholecystokinin on feed- 
ing. 

The purpose of the present study was to compare the 
effects of central (intracerebroventricular) and peripheral 
(intraperitoneal) administration of CCK-8 on meal size and 
satiety resting behavior in the rat. We recorded the latency 
to rest because resting is a major component of the 
postprandial sequence of behaviors in rats, and it has been 
used as evidence for satiety [3]. A second experiment was 
conducted to investigate the importance of subdiaphragmatic 
visceral nerves (vagal and splanchnic) for the satiety effect of 
CCK-8 and CCK-33. Part of this study was previously re- 
ported [20]. 


EXPERIMENT | 


METHOD 


Holtzman albino male rats (350-450 g) were equipped 
with a ventricular stainless steel guide cannula (13 mm in 
length, 27 gauge) under anesthesia (Chloropent, 2-3 ml/kg). 
The cannula was positioned | mm above the right lateral 
ventricle (Horizontal: 8.5 mm anterior from the interaural 
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line; Lateral: 1.5 mm to the right of the sagittal sinus; Verti- 
cal: 3.0 mm below the dura) and secured permanently to the 
skull with screws and cranio-plastic cement [25]. During the 
recovery period following surgery the rats were maintained 
on a liquid diet (GIBCO #116EC, diluted to 25% with dis- 
tilled water), Purina rat pellets, and tap water. All rats were 
tested in their individual home cages in a colony room main- 
tained at temperatures between 24-26°C and illuminated be- 
tween 08:00 and 20:00 hr. The rats were screened for func- 
tional cannulae prior to and following the experiment by ob- 
serving their drinking behavior after a ventricular injection of 
the dipsogenic hormone angiotensin II (1 yug/ul/rat) [8]. To 
qualify, non-deprived rats were required to consume more 
than 2 ml of water within the first minute following the injec- 
tion of All. 

Eight rats with patent cannulae were placed on a daily 
schedule in which food (Purina rat chow) and water were 
available for 6 hours (11:00-17:00 hr). Rats were then de- 
prived of food for 17 hours (17:00—10:00 hr) prior to testing. 
The testing began after a 7 day adaptation period. 

At test time (10:00 hr) the rats were given either an intra- 
cerebroventricular (ICV) injection or an intraperitoneal (IP) 
injection. The ICV injections were made using a Hamilton 
microliter syringe connected to an injector (14 mm in length, 
34 gauge) which extended | mm beyond the guide cannula 
into the ventricular space. The injector was removed 30 sec- 
onds after the injection, an obdurator was repositioned in the 
guide cannula, and the rat was returned to its cage where the 
liquid diet was presented for feeding. Intraperitoneal injec- 
tions were administered at a later date to the same group of 
rats. CCK-8 (Squibb, 19,844) was administered in doses of 75 
and 400 Ivy Dog Units/kg ICV or 75 IDU/kg IP (22 IDU is 
approximately | wg). These doses were chosen because they 
are within the range of those which consistently elicit satiety 
for food in the rat [21]. The hormone was dissolved in saline 
(0.9%) and injected in volumes of | or 10 xl ICV or 1 ml IP. 
Injections of the peptide were alternated every other day 
with control injections of normal saline. 

Liquid diet, dispensed through graduated Richter tubes, 
was chosen for the first experiment because consumption of 
this food could be recorded frequently throughout the meal 
without disturbing the animals. The volume of liquid diet 
consumed and the latency to rest were recorded for the first 
meal only. Latency to rest was the time from the start of 
feeding to the first incident of resting behavior. Resting was 
recorded when the rat ceased to feed and displayed the re- 
laxed, immobile posture which characterizes satiety behav- 
ior for food under these laboratory conditions [21]. The data 
collected for the amount of food consumed and the latency to 
rest were analyzed using the ANOVA (one-way). Multiple 
comparisons were made using the Least Significant Differ- 
ence f-test [44]. 


RESULTS 


Intraperitoneal injections of CCK-8 (75 IDU/kg) de- 
creased the average meal size by 58%, F(4,35)=74.01, 
p<0.0001, and shortened the average latency to rest by 42%, 
F(4,35)=64.67, p<0.0001 (see Table 1). This same dose of 
CCK-8 had no effect on feeding behavior or the latency to 
rest when injected into the lateral ventricles of the same rats. 
Increasing the volume of the vehicle from | to 10 pl in an 
attempt to facilitate diffusion through the ventricular system 
also failed to significantly reduce the meal size or shorten the 
latency to rest. Ingestion was suppressed 35% by the largest 


LORENZ AND GOLDMAN 


dose of CCK-8 (400 IDU/kg) injected ICV, but the latency to 
rest was not shortened (Table 1). 


DISCUSSION 


Peripheral administration of CCK-8 quickly suppressed 
feeding and rapidly elicited satiety resting behavior, whereas 
central administration of the peptide was much less effec- 
tive. Feeding was suppressed only after the largest ICV dose 
and neither dose of CCK-8 injected into the lateral ventricle 
had any effect on the latency to rest. The suppression of 
ingestion following ventricular administration of the peptide 
was interpreted as a nonspecific effect because the rats did 
not quickly display their typical satiety resting behavior. Our 
results are consistent with other reports describing the rapid 
onset of satiety following peripheral administration [3,21] 
and lack of immediate effect following ventricular adminis- 
tration of cholecystokinin in rats [6, 13, 23]. 

The discovery of cholecystokinin in human cerebrospinal 
fluid [33] and in brain parenchyma of the pig [27], the rabbit 
[43], and the rat [5,14] raises numerous questions regarding 
the function of this hormone in the brain, and whether the 
central and peripheral CCK systems are interconnected or 
operate independently in all animals. Intestinal cholecys- 
tokinin appears earlier than brain cholecystokinin during de- 
velopment in mammals [12], but the functional relationship 
between the two systems has yet to be clarified. The CCK 
satiety effect may be a useful tool to begin to explore this 
relationship. CCK-8, the smallest fragment of cholecystoki- 
nin known to elicit satiety, is a large (mol. wt. 1,142 [35]), 
acidic peptide that will not easily diffuse through the blood- 
brain-barrier [32], and there is no evidence of an active 
transport system for this peptide. CCK-8 could enter or 
leave the brain in specific areas which lack the blood-brain- 
barrier, such as the circumventricular organs, but our data 
and those of others [6,13], suggest that the CVO’s are not 
likely to be the receptor sites responsible for the rapid CCK 
satiety effect in rats. Perfusion from the ventricular side with 
large doses of CCK-8 had very little effect on food intake and 
resting behavior. This suggests that CCK of peripheral origin 
does not act directly on the brain to elicit satiety in the rat. 
Sheep, on the other hand, suppress their intake of food fol- 
lowing very small doses of cholecystokinin injected into the 
ventricular system [6,7], but they do not respond to IV infu- 
sions of the peptide [6]. It seems likely that peripheral en- 
dogenous cholecystokinin is not important for satiety in this 
species, but CCK of central origin may contribute to satiety 
by acting on receptors located close to the ventricular sur- 
face. 

Cholecystokinin of central origin may play a role in the 
suppression of ingestion and in the postprandial satiety be- 
haviors of the rat but the evidence thus far is not convincing. 
Regional concentrations of COOH-terminal CCK in the hy- 
pothalamus, brain stem, and cortex of the rat appear to re- 
main stable throughout periods of food deprivation and feed- 
ing [37]. This regional method of sampling, however, is not 
sensitive enough to detect slight fluctuations of hormone 
concentrations at the cellular level [37]. Other researchers 
reported that CCK binding increases in the hypothalamus 
and olfactory bulb during fasting [36], which suggests that 
these areas become more sensitive to CCK during the ab- 
sence of food. Ventricular injections of caerulein suppressed 
feeding in food deprived rats [42] but others failed to confirm 
this result [15]. Recently, local hypothalamic injections of 
CCK-8 suppressed norepinephrine induced feeding in the rat 
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TABLE | 
FOOD INTAKE AND LATENCY TO REST FOLLOWING ICV AND IP INJECTIONS OF CCK-8 





Route of 
Administration 


Dose and 
Volume (ml + 


Mean 
Latency 
to Rest 
S.E.) 


Mean 
Volume of 
LD Consumed 
S.E.) (min + 





Saline ICV 
CCK-8 ICV 
CCK-8 ICV 
CCK-8 ICV 
CCK-8 IP 


0-1 pl 
75 IDU/kg-1 yl 
75 IDU/kg-10 pl 
400 IDU/kg-10 pl 
75 IDU/kg-1 ml 





“Indicates significant differences when compared with the saline group, LSD (8.74), p<0.05, 


2 tail; *LSD (7.38), p<0.05, 2 tail. 


[24], but satiety behaviors, if present, were not described. 
Finally, the data implicating the hypothalamus are difficult to 
interpret in view of the fact that the VMH region is not 
necessary for the CCK satiety effect [17,40] or the caerulein 
satiety effect [15]. Measurements of CCK released within a 
particular region of the brain during a meal, and the demon- 
stration that the hormone within this area suppresses feeding 
and elicits the complete sequence of satiety behaviors would 
be helpful to determine the relative importance of the central 
CCK system for the control of ingestion. 


EXPERIMENT 2 


The results of Experiment | strongly suggest that 
cholecystokinin does not influence the immediate meal size 
in the rat by acting on a periventricular site. The rapid and 
predictable satiety effect elicited by peripheral injections of 
CCK-8 encouraged us to examine the peripheral visceral 
nerves as possible mediators of this hormonal effect. In this 
experiment we tested the satiety effect of cholecystokinin in 
rats following either denervation of the parasympathetic 
nerves that supply the upper gastrointestinal tract (bilateral 
subdiaphragmatic vagotomy), or denervation of the sympa- 
thetic nerves that supply the gut (spinal cordotomy). At the 
completion of the experiment we vagotomized the control 
rats and tested their response to CCK to evaluate the possi- 
ble sparing effect of experience with CCK elicited satiety. 


METHOD 


Spinal Cordotomy 


Spinal cordotomy was the method chosen to interrupt the 
second-order splanchnic afferents ascending to the brain 
from the gut. The cell bodies of the first-order splanchnic 
afferents are located in the dorsal roots. Their axons enter 
the spinal cord as high as the 4th and Sth thoracic segments 
[28]. 

Holtzman albino rats (350-365 g) were anesthetized with 
Chloropent (2-3 ml/kg) and a small incision was made along 
the vertebral column between the scapulae. The spinal cord 
was exposed and completely severed between the 2nd and 
3rd thoracic segments. The void was packed with cotton 
gauze to hinder sprouting, and the wound sutured. Rats were 
given Penicillin G (60,000 U/rat) and Oxytetracycline HCl 
(10 mg/rat) intramuscularly. 


Vagotomy 


Holtzman albino male rats (350-475 g) were divided into 
two groups: (a) naive rats, and (b) rats that had previously 
experienced the CCK satiety effect. Following anesthesia 
with Chloropent a midline abdominal incision was made, the 
lobes of the liver were gently reflected to the right, and the 
esophagus was exposed by applying tension to the ex- 
teriorized stomach. The anterior and posterior vagal trunks 
were located on the surface of the esophagus as described by 
Legros [18]. With the aid of a dissecting microscope, a sec- 
tion of approximately | cm was removed from each trunk 
between the diaphragm and the hepatic branch of the 
vagus. The esophagus was then carefully inspected for addi- 
tional vagal fibers which were removed if present. 


Post-Operative Care 


Following surgery the denervated rats were given a su- 
crose solution (10%) and tap water to drink, plus wet mash 
and pellets to eat. The rats were anorectic and hypodipsic for 
2-10 days resulting in a weight loss of 20-25% for the vagot- 
omized group and 25-35% for the cordotomized group. The 
vagotomized rats required 3—4 weeks and the cordotomized 
rats S-6 weeks of recovery prior to testing. By this time body 
weights stabilized or began to increase on the diet of pellets 
and water. The cordotomized rats were also hypothermic 
and anuretic. They were warmed on a slide-warming tray 
(rectal temperature: 35°-37°C) and forced to urinate 2-3 
times a day by squeezing their bladders. All cordotomized 
rats regained temperature regulation and acquired the mic- 
turition reflex prior to testing. Approximately 90% of the 
vagotomized group and 65% of the cordotomized group sur- 
vived the surgery and remained in good health for at least 2 
months of testing on the food deprivation schedule. 


Verification of Surgery 


Vagotomy was considered complete if the following 
criteria were met: (1) the vagal nerves were completely ab- 
sent at the level of the diaphragm during postmortem exam- 
ination using a dissecting microscope; (2) weight loss follow- 
ing surgery was at least 20-25% of pre-operative body weight 
and prolonged for 3—4 weeks; (3) the esophagus and stomach 
were abnormally distended at the time of death. 

The cordotomy was considered to be complete if the fol- 
lowing criteria were met: (1) total absence of the spinal cord 
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between T2 and T3 determined by visual inspection during 
postmortem examination using a dissecting microscope; (2) 
loss of voluntary control of hind limbs and urinary bladder 
followed by hyperreflexia; (3) prolonged hypothermia (4-5 
weeks); and (4) lack of head orienting or vocal response to 
pin prick below the axillary region. 


Test Procedure 


After recovery from surgery the denervated rats and un- 
operated control rats were placed on a daily six hour food 
deprivation schedule (10:00—-16:00). Water was available at 
all times. At test time each rat was given an IP injection (1 
ml) of either the CCK-33 extract (20%, A B Kabi Diagnos- 
tica, Fack, S-611 01 Nykpoing, Sweden) at 20, 40, 80, or 160 
IDU/kg, the synthetically pure CCK-8 (Squibb, 19,844) at 20, 
40, 80, 160, 320, 640 IDU/kg, or the isotonic saline vehicle. 
The hormone injections were alternated every other day with 
saline control injections using a crossover Latin square de- 
sign. A pre-weighed amount of food pellets was presented in 
the home cage immediately following the injection and re- 
moved after the rats displayed resting behavior. The latency 
to rest was recorded as well as the amount of food con- 
sumed. 


Data Analysis 


The data recorded for the suppression of food intake and 
the latency to rest were analyzed using a two-way ANOVA 
corrected for repeated measures [44]. Comparisons of the 
suppression of food intake and the latency to rest between 
groups at different doses were performed using the LSD 
t-test, 2 tailed. 


RESULTS 


Vagotomy blocked the satiety effect of CCK-33 and 
CCK-8 (Fig. 1). For food intake, the Group x Dose interac- 
tion was F(18,171)=5.29, p<0.0001; Group effect: 
F(5,25)=17.06, p<0.0001; and Dose effect: F(6,171)=14.50, 
p<0.0001. Vagotomized rats did not suppress their intake 
of food following IP injections of cholecystokinin adminis- 
tered over a wide range of doses, and did not shorten their 
latency to rest. For the latency to rest, the Group x Dose 
interaction was F(18,171)=3.11, p<0.0001; Group effect: 
F(5,25)=11.61, p<0.0001; and Dose effect: F(6,171)=11.28, 
p<0.0001. The range of the mean latency to rest for vagot- 
omized rats following control injections of saline was 30-34 
min (+2-3 min S.E.). Those who received CCK-8 or CCK-33 
rested with means ranging from 25—49 min (+2-9 min S.E.). 
Preoperative experience with the CCK satiety effect did not 
prevent the loss of this effect following vagotomy. The only 
exception to the vagotomy blockade occurred following the 
largest dose of CCK-33. The rats suppressed their ingestion 
(Fig. 1) and rested with a shorter latency (21 min +7, 
p<0.05). Overall, the vagotomized rats consumed a meal of 
normal size following administration of cholecystokinin, and 
engaged in normal postprandial satiety behaviors that culmi- 
nated in resting. 

The control rats and the cordotomized rats responded to 
cholecystokinin by suppressing their intake of food (Fig. 1), 
and by resting more quickly. The range of the mean latency 
to rest for normals and cordotomized rats following control 
injections of saline was 25-35 min (+ 1-2 min S.E.). Rats who 
received CCK-8 or CCK-33 rested with mean latencies rang- 
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FIG. 1. Percent suppression of food intake (means+S.E.) for normal 
adult rats, spinal cordotomized rats, and vagotomized rats following 
intraperitoneal injections of either the synthetic octapeptide of 
cholecystokinin (@ CCK-8) or the 20% extract of cholecystokinin (C 
CCK-33). All means for the vagotomized groups (except CCK-33 at 
160 U/kg) were less than the means for normals and cordotomized 
rats (p<0.05). Rats that had experience with exogenously induced 
CCK satiety effect prior to vagotomy (@---@). The mean intakes in 
grams (+S.E.) following saline control injections were: normals 
(CCK-8)=35+2, (CCK-33)=28+1: cordotomized rats (CCK- 
8)=25+1; vagotomized rats (CCK-8)=33+2, (CCK-33)=30+1, 
experienced vagotomized rats (CCK-8)=34+3. N=4-6/dose except 
at 80 IDU/kg and 160 IDU/kg (CCK-8) for experienced vagotomized 
rats where n=2. 


ing from 7-25 min (+1-6 min S.E.). All of these mean 
latencies were significantly less than the latencies for the 
controls (p <0.05), except in the normals following CCK-8 at 
40 IDU/kg and CCK-33 at 20 IDU/kg. 


GENERAL DISCUSSION 


Some component of the vagus nerve is necessary for the 
rapid satiety effect of cholecystokinin administered periph- 
erally. The splanchnic nerves are not necessary for this re- 
sponse. Our discovery of the blockade of the CCK satiety 
effect following truncal vagotomy was quickly confirmed 
and advanced by the demonstration that the gastric branches 
of the vagus are of primary importance [20, 38, 40]. 
Moreover, CCK receptors have been detected in the vagus 
nerve of the rat [46] which raises the possibility that CCK is 
acting directly on the nerve. Although afferent and efferent 
fibers are severed by vagotomy, it appears that the efferent 
cholinergic fibers are not necessary because atropine methyl 
nitrate does not interfere with the suppression effect of CCK 
[40]. This suggests that afferent fibers, possibly in conjunc- 
tion with the cholecystokinin fibers of the vagus [46], 
mediate the peripheral CCK satiety effect. 

Elimination of the CCK satiety signal as well as other 
suppression signals from the liver [29,34] and the gut [31] 
following vagotomy should have produced hyperphagia. But 
our vagotomized rats did not overeat. In fact, their moderate 
intake of food and stable but decreased body weights are 
predictable features of the chronic syndrome of truncal va- 
gotomy in adult rats [26,30]. This apparent paradox may re- 
sult from observations of fundamentally different processes 
that develop in the gut and brain over an extended period of 
time. Measurements of physiological and behavioral re- 
sponses weeks, even months after vagotomy should reveal 
the capacity of non-vagal systems to respond to feeding and 
food in the gut rather than the loss of functions normally 
performed by the vagus. A better estimate of the vagal con- 
trol of feeding behavior and satiety would be accomplished 
using an acute vagotomy procedure. Acute vagotomy in food 
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deprived rat pups results in hyperphagia [19] which is consis- 
tent with the hypothesis that the vagus plays an important 
role in regulating meal size by sending satiety signals to the 
brain. Hyperphagia in adult rats immediately after vagotomy 
has been alluded to [4] but more experiments are required to 
verify this phenomenon. 

Normal meal patterns are disrupted by vagotomy [22 
especially when rats ingest liquid food [41]. Nevertheless 
non-vagal systems can function to permit discrete meals and 
satiety behaviors. We will remain cautious about the appar- 
ent normality of these behaviors however, until additional 
indices of the physiological state of satiety are established 
and tested using the vagotomy preparation. We believe the 
vagus, which mediates the peripheral CCK satiety effect, is 
important for normal feeding as well as normal satiety behav- 
iors in the adult rat. 

Experience does not appear to be a necessary component 
of the peripheral CCK satiety effect. Most of the rats sup- 
pressed their intake of food and displayed satiety behaviors 
following the first injection and all subsequent injections of 
CCK within our paradigm, provided the vagus was intact. 
Truncal vagotomy blocked the satiety effect regardless of the 
rat’s experience with CCK prior to surgery. This supports 
the hypothesis that peripheral CCK participates in satiety 
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elicited from the gut in a reflex manner [45]. Cholecystokinin 
remains a putative satiety agent in the rat [39], and a useful 
endocrine tool for the study of the control of feeding in 
mammals including man [16]. 

The physiological state of postprandial satiety is likely to 
occur as the result of several signals from the gut, some 
sufficient and others essential, working together with pregas- 
tric signals at a specific time in relation to the meal. The 
importance of a central endogenous CCK system for satiety, 
and whether it functions independently of the peripheral en- 
dogenous CCK system, are questions that remain to be an- 
swered. 
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TORDOFF, M. G. AND D. NOVIN. Celiac vagotomy attenuates the ingestive responses to epinephrine and hypertonic 
saline but not insulin, 2-deoxy-D-glucose, or polyethylene glycol. PHYSIOL. BEHAV. 29(4) 605-613, 1982.—The ingestive 
responses of rats given celiac vagotomy (C), combined celiac and hepatic vagotomy (CH), or low total vagotomy (removal 
of all tissue from around the esophagus, stomach and duodenum; LT) were compared with sham operated controls (S) in a 
series of regulatory challenges. The vagotomized groups responded normally to 2-deoxy-D-glucose (2DG; 125, 250, 500 
mg/kg, IP), insulin (4, 8, 12 U/kg, IP), and polyethylene glycol (10 ml/kg: 30% w/v, SC), but displayed attenuated responses 
to epinephrine (40, 80, 120 wg/kg, IP) and hypertonic saline (10 ml/kg: 0.25, 0.5, 1.0 M, IP). These results can be interpreted 
as evidence that the celiac vagus carries a major component of hepatic afferent innervation. Additionally, when considered 
with other findings they suggest that whereas the anorectic activity of epinephrine is mostly confined to the liver, 2DG 


hyperphagia involves stimulation of a wider population of peripheral metabolic receptors. 
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TOTAL subdiaphragmatic vagotomy (TSV) attenuates the 
ingestive responses produced by a number of substances 
known to influence feeding and drinking. These include glu- 
cose [27, 30, 52], glucagon [20,51], epinephrine [48,49], am- 
phetamine [48,49], 2-deoxy-D-glucose (2DG) [6,28], 
cholecystokinin [15,43], histamine [12], hypertonic saline [9, 
10, 11, 17, 18, 19, 33, 42], angiotensin II [33], and polyethyl- 
ene glycol [11]. The most usual conclusion made from such 
experiments is that vagal connections between the brain and 
periphery are of importance in caloric or osmotic homeosta- 
sis. Unfortunately however, the results of TSV experiments 
are hard to interpret for at least two reasons: One is that TSV 
causes difficulties in swallowing [7], abnormal gastric motil- 
ity [21,44], and retarded gastrointestinal transit and absorp- 
tion of food [2, 21, 23, 50]. These dysfunctions are probably 
responsible for the syndrome of hypophagia, hypodipsia, 
and permanent loss of body weight that is commonly [23, 24, 
31, 49], but not always [27,45], seen after TSV surgery. As 
severe food deprivation of intact rats can produce a long- 
lasting attenuation of insulin- and 2DG-induced feeding [40], 
the response deficits shown by animals given TSV may be 
attributable to food restriction resulting from the alimentary 
dysfunction rather than to a specific vagal mechanism. A 
second difficulty in the interpretation of TSV studies is that 
the vagus projects to all the abdominal organs that are sus- 
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pected of influencing caloric or osmotic regulation. This 
raises the problem of determining which organ or organs 
contain the locus for the metabolic or osmotic event that 
affects ingestive behavior. 

One method adopted to circumvent these problems is the 
use of selective vagotomy. The syndrome of hypophagia, 
hypodipsia, and reduced body weight produced by TSV is 
not present in rats given selective vagotomies unless both 
dorsal and ventral vagal trunks [48,49] or gastric branches 
are severed, thus eliminating the problem of nonspecific food 
restriction. Determination of the locus of action of metabolic 
and osmotic events can also be attempted because different 
branches of the vagus, at least to some extent, innervate 
different organs. Unfortunately however, the identification 
of loci of action has been hampered by considerable confu- 
sion over the anatomy and distribution of the vagus nerve in 
the rat. For example, the work of different investigators can 
be taken to suggest that the pancreas is served by one [53] or 
both [13, 39, 47] vagal trunks, that the liver is innervated by 
one [1,23], two [14], or three [13,39] vagal branches, and that 
the hepatic branch of the vagus originates just below the 
subdiaphragmatic plexus [14], close to the lesser curvature of 
the stomach [9], midway between these two points [46], or 
does not exist at all [8]. Additionally the major anatomical 
work of the rat abdominal vagus [14] displays the origins of 
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vagal branches in diagrams that are out of scale, and a re- 
cently published figure [9] is, at least in our opinion, topo- 
graphically incorrect. 

The origins of the major abdominal components of the 
vagus nerve according to our experience are shown in Fig. 1. 
The dorsal vagal trunk divides into two branches: One, the 
dorsal gastric, innervates the dorsal aspects of the stomach 
[8, 13, 14], and the other, the celiac, travels to the celiac 
ganglion [8, 13, 14] and then with the sympathetic nervous 
system along blood vessel walls to the pancreas, intestines, 
stomach, liver, and other abdominal organs [4]. Approx- 
imately mid-way between the diaphragm and stomach the 
hepatic branch, which travels to the liver [13,46], separates 
from the main ventral vagal trunk. The ventral trunk also 
gives rise to a ventral gastric branch, which innervates the 
ventral aspects of the stomach [8, 13, 14], and perhaps also 
an accessory (ventral) celiac branch, which is very small and 
which we do not see in all rats. We have not traced these 
fibers far from the esophagus but others have suggested that 
they join the celiac vagus en route to the celiac ganglion [8, 
13, 14, 39). 

The following experiment was conducted to determine if 
organs supplied by the celiac vagus are a locus for caloric or 
osmotic regulation. In particular, from Russek’s theory 
suggesting hepatic control of food intake regulation [34, 35, 
36] and our recent work [46, 48, 49], we predicted that 
signals believed to be arising from the liver would be pre- 
vented from reaching the brain by celiac vagotomy. To this 
end, one group of rats received celiac vagotomy, including 
excision of the accessory celiac branch (C). Although we 
have shown that hepatic vagotomy did not alter the re- 
sponses to standard challenges [46], the possibility existed 
that the hepatic vagus might be sufficient to maintain these 
responses. Therefore, a second group of rats received com- 
bined celiac and hepatic vagotomy (CH). Finally, to ensure a 
thorough vagal denervation of the liver, we included a third 
group. These rats had combined celiac and hepatic vagotomy 
but also, to counter the argument that the gastric vagi may 
include neural fibers that travel from the stomach to the 
liver, all tissue from around the stomach and duodenum 
(with the exception of the esophagus, gastric artery, and 
gastric vagi) was extirpated. Thus, these rats received a 
vagal denervation of the liver as thorough as TSV but with- 
out damage to esophageal and gastric innervation. We called 
this surgery low total vagotomy (LT). 


METHOD 
Subjects and Housing 


Forty-eight male Long Evans rats (Simonsen, Gilroy, 
CA), weighing 233-309 g at the start of the experiment, were 
used as subjects. They were individually housed in a vi- 
varium maintained at 21°C with a 12:12 hr light:dark cycle 
(lights on at 0500). Unless otherwise noted, the rats had free 
access to Wayne lab blox and tap water throughout the ex- 
periment. 


Surgery 


The rats were food deprived overnight prior to surgery. 
They were assigned to four groups that were equal in size 
and matched for body weight. Each animal was anesthetized 
with sodium pentobarbital (50 mg/kg, IP), a 4-5 cm ventral 
midline incision was made just caudal to the xiphoid process, 
and the stomach and lower esophagus were retracted from 
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FIG. 1. The origins of vagal branches in the rat. To obtain this 
diagram the esophogastric region of a female Long Evans rat (235 g) 
was exposed and examined with the aid of a binocular microscope 
(x 10 magnification). A graticule in the microscope eyepiece allowed 
a scale drawing of the visual field to be made on graph paper. This 
was later traced and photographed. To aid recognition, the width of 
the vagal branches has been enlarged. 


the abdominal cavity. By gentle manipulation of the stomach 
the omentum located adjacent to the left gastroesophageal 
border could be stretched. This revealed the origin or the 
celiac branch of the vagus as it separated from the left vagal 
trunk. In rats assigned to the experimental groups (C, CH, 
LT) the celiac vagus was transected a few millimeters distal 
to its origin and all omenta adjacent to the left side of the 
stomach were severed so that no tissue remained along its 
pathway, thus destroying any accessory celiac fibers pres- 
ent. In S rats the celiac vagus was gently stroked with a 
damp cotton swab but was not otherwise interfered with. 

Following this procedure, in CH, LT, and S animals the 
position of the stomach was adjusted and if necessary, the 
median and caudal lobes of the liver were deflected to allow 
visualization of the hepatic branch of the vagus. This was 
located at the point where it leaves the ventral vagal trunk 
approximately mid-way between the diaphragmatic hiatus 
and the gastroesophageal border (see Fig. 1). The hepatic 
vagus and hepatoesophageal omenta were transected in CH 
and LT animals and were gently stroked with a damp cotton 
swab in S controls. 

In addition to these procedures, in LT rats the gas- 
troduodenal border and right gastroepiploic artery were lo- 
cated. The artery was ligated at a point several millimeters 
before its first branch to the stomach. All branches of the 
right gastroepiploic artery that travelled to the greater curva- 
ture of the pyloric region of the stomach and to the upper 
duodenum were transected. Any omenta attached to the 
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caudal aspects of the stomach (including the gastrosplenic 
omentum) were severed and the duodenum was cleared of 
fascia from its border with the stomach to the level of the bile 
duct. This procedure completely isolated the abdominal 
esophagus, stomach and upper duodenum from the sur- 
rounding viscera, with the exception of the connections 
maintained with the left gastric artery, and lower duodenum. 
Thus, in LT rats, essentially all tissue between the stomach 
and abdomen was destroyed but the parasympathetic gastric 
innervation was maintained by way of the gastric vagi. 

For all three forms of vagotomy, in order to help localize 
and verify destruction of the appropriate vagal fibers a bin- 
ocular microscope was used (20 magnification). Particular 
care was taken not to damage the dorsal and ventral vagal 
trunks so that parasympathetic innervation of the stomach 
was maintained intact. All animals were frequently irrigated 
with physiological saline throughout surgery. Their wounds 
were closed with silk suture and Mycatracin antibiotic oint- 
ment (Upjohn) was applied to the external cut surface. 


Postoperative Procedure and Body Weight 


Three rats from the LT group died within 24 hr of surgery. 
The specific cause of death was unclear but was probably 
related to the ablation of tissue from the gastroduodenal 
area, which often resulted in considerable bleeding. The re- 
maining animals were weighed daily for the first 10 days 
postsurgery and then on days when behavioral tests were to 
be given. At the start of the behavioral tests there were 12 
rats in the S, C and CH groups, and 9 in the LT group. 


Behavioral Testing 


Except for the modifications that will be mentioned be- 
low, all tests followed the same general procedure. At ap- 
proximately 10:00 hr each rat received an intraperitoneal in- 
jection in the lower left abdominal quadrant. In tests involv- 
ing food consumption, (2DG, insulin, epinephrine) approx- 
imately 15 g (two pellets) of premeasured lab chow was 
placed on the cage floor. In tests involving fluid consumption 
(NaCl, PG), graduated test tubes equipped with drinking 
spouts were attached to the front of each cage. Measurements 
of intake were taken 1, 2, 4, and 6 hr after injection. At these 
times, remaining food was weighed to the nearest 0.1 g or 
fluid was recorded to the nearest milliliter. Spillage was min- 
imal and so was ignored. 

Three doses of a substance known to influence metabolic 
or Osmotic processes were compared with an equal volume 
of physiological saline. The order or presentation of the dif- 
ferent doses and saline was counterbalanced so that during 
any test approximately the same number of rats from each 
group received each dose. Injections were administered at 3- 
4 day intervals. The time postsurgery that each set of injec- 
tions began is given in Table 1. 

Prior to the start of the metabolic challenges two habitua- 
tion trials, involving injection of physiological saline (1 
ml/kg) were completed. These were undertaken in order to 
adapt the rats to the injection and measurement procedure. 

2-Deoxy-D-glucose (2DG). The doses of 2DG (Sigma) 
used were 125, 250, and 500 mg/kg (all 1 ml/kg volume). After 
completion of the 2DG food consumption tests, two addi- 
tional injections were given in order to allow measurement of 
latencies to eat. In these tests rats received either 250 mg/kg 
2DG or saline in counterbalanced order. For a 60-min period 
after the injections, the rats were observed by an experi- 
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menter who sat quietly in front of their cages. The time to the 
initiation of feeding was recorded. 

Insulin. The doses of regular insulin (Lilly) used were 4, 
8, and 12 U/kg. They were prepared so that they could be 
injected in | ml/kg volume. 

Hypertonic saline (NaCl). The doses used were 10 ml/kg 
of 0.25, 0.50, and 1.0 M solutions. One CH rat died within a 
few minutes of receiving the highest dose of saline. The rea- 
son for its death was unclear but was unlikely to be related to 
its surgical group. Three days after the last water consump- 
tion test all subjects received an additional injection of 10 
ml/kg 0.25 M NaCl in order to measure latencies to drink. 
The procedure for this test was similar to the 2DG latency 
tests with the exceptions that no isotonic saline injections 
were given and latencies to drink, not eat, were recorded. 

Polyethylene glycol (PG). Only one dose of PG was ad- 
ministered (10 ml/kg of 30% w/v, SC; Sigma). This was com- 
pared with isotonic saline injected by the same route. Rats 
were food deprived the night before and during the PG tests. 
During the tests they were given only isotonic saline to 
drink. This procedure was adopted because water consump- 
tion after PG administration tends to induce an osmotic im- 
balance that inhibits further fluid intake. Seven days sepa- 
rated the two PG tests. 

Epinephrine. The doses of epinephrine chloride (Parke- 
Davis) used were 40, 80, and 120 wg/kg. These doses were 
chosen because in previous work we have found that in the 
hour after injection, 40 uwg/kg is ineffective in lowering food 
intake of control rats, while 160 ug/kg produces an almost 
complete suppression of feeding, even in TSV rats [49]. This 
suggested that any effects of epinephrine would best be seen 
at 80 or 120 uwg/kg. The solutions were prepared so that they 
could be injected in | ml/kg volume. Because epinephrine 
decreases food intake, testing was conducted at the start of 
the dark cycle when food intake is greatest in the free- 
feeding rat. Injections were given just prior to the start of the 
dark period and measurements of food intake were recorded 
every 30 min for 2 hr. 


Verification of Surgery 


We do not believe there is a suitable test for verifying on 
a case-by-case basis the completeness of the three types of 
vagotomy used here. Woods and Bernstein [53] suggested 
that abolition of the cephalic insulin response is a measure of 
the completeness of celiac vagotomy but they verified the 
method using unilateral vagotomies and not celiac va- 
gotomies. Additionally, their results show considerable 
within-group variability. In our hands, previous pilot studies 
using this test produced mixed results, although this could 
have been due to problems with the insulin assay we used. 
More recently, Louis-Sylvestre, Giachetti, and LeMagnen 
[16] introduced a test of celiac vagotomy based on the 
glycosuria exhibited by TSV rats after ingestion of a small 
quantity of glucose. However, they also did not verify their 
test with celiac vagotomized rats. Using their technique in 
pilot studies, we have not been able to observe glycosuria in 
celiac vagotomized rats. Their results may reflect, in addi- 
tion to the integrity of the celiac vagus, the volume of food 
remaining in the stomach, which could absorb the glucose 
ingested and hence prevent its postabsorptive effects. An- 
other method of celiac vagotomy verification involves trac- 
ing remaining vagal pathways at sacrifice [9]. However, we 
doubt that this can be any more effective than careful iden- 
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TABLE 1 


BODY WEIGHT OF RATS SUBJECTED TO CELIAC (C), 
COMBINED CELIAC AND HEPATIC (CH), LOW TOTAL (LT), OR SHAM (S) VAGOTOMIES 





Cc 


Body Weight (g) 


4 





4.7 269.3 
10.2 
10.8 
14.0 
11.7 
13.5 
15.2 
17.3 


269.0 
257.8 
276.2 
379.2 
445.4 
461.8 
452.1 
510.2 


284.1 
2DG 
Insulin 
NaCl 
PG 
Epi 


51 
65 
86 
110 


440.3 
442.3 
496.2 


I+ It It I+ It I+ I+ I+ 


264.4 


378.6 
429.4 


I+ It It It I+ I+ I+ 14 


7.4 

4.8* 

4.6 
10.5 
14.4 
16.9 
13.9 
10.0 


262.8 
236.1 
278.7 
368.6 
444.0 
474.1 
478.7 
531.9 


4.8 
8.5 
8.5 
13.2 
18.1 
17.1 
468.0 + 18.8 
59+ tid 


_— 


it + I+ I I | 


NN SCH MMs 
wroQAwWwmaAnNN SO 
I+ I+ I+ I+ I+ I+ I+ H+ 


— 





Values are means+SEM. 
refers to the day prior to 
overnight fast. 


tification and destruction of the appropriate structures dur- 
ing surgery. 

We are therefore unaware of any suitable test of our sur- 
gical manipulations. However, at surgery we used the most 
careful techniques to ensure complete destruction of all ap- 
propriate fibers. In addition, the observed effects on feeding 
and drinking, which are congruent with other literature and 
our expectations, suggest that at least by a behavioral crite- 
rion, the celiac vagus was transected in a large proportion of 
subjects. 


Statistical Analysis 


Body weight data for the first 10 days after surgery and 
the start of each series of regulatory challenges were sub- 
jected to one-way analyses of variance (ANOVAs). 

For the metabolic and osmotic consumption tests, 
three-way ANOVAs with Group as a nonrepeated factor and 
Drug Dose and Time as repeated factors were performed. 
These were followed by Tukey’s post hoc tests when appro- 
priate. 

Comparisons between groups in the 2DG and NaCl la- 
tency measurements were made using Kruskall-Wallis non- 
parametric one-way ANOVAs. These were followed by 
Mann-Whitney U tests between pairs of groups if the 
Kruskall-Wallis test was significant. 

All statistical tests were conducted with a rejection crite- 
rion of p<0.05. 


RESULTS 
Postoperative Recovery and Body Weight 


Table 1 presents the mean body weights of the four 
groups at various times following surgery. Some of the LT 
rats showed a dark diarrhea for 2-3 days postoperatively, 
which may be indicative of interrupted control of the pyloric 
sphincter or gastric hemorrhaging and ulceration. Such pa- 
thology has been recorded after ligature of the gastric vascu- 
lature [5]. This may be responsible for the significantly 
greater loss in body weight of the LT group immediately 
after surgery. However, this effect was present only in the 
analysis of data from Day 3 postsurgery. There were no 


*»<0.05 compared with S controls. Epi=epinephrine. Day —1 
surgery. Body weights for the PG data were taken after an 
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FIG. 2. Mean food intake response of vagotomized rats to 2DG, 
S=Sham, C=celiac, CH=combined celiac and hepatic, LT=low 
total vagotomy. From dark to light, the four segments of each bar 
represent intake 1, 2, 4, and 6 hr postinjection. Standard errors 
ranged from: Ist hr; 0.29-0.55, 2nd hr; 0.15—0.47, 4th hr; 0.25—-0.51, 
6th hr; 0.31-0.68. There were no significant differences between 
groups. 


other significant differences in body weight at any time 
tested. 


2-Deoxy-D-Glucose 


Figure 2 presents the mean cumulative postinjection food 
intake for each group. A range of standard errors of the mean 
for each of the four measurement periods is presented in the 
figure caption. The effect of 2DG on all groups was highly 
significant, F(3,123)=31.17, and was more or less related to 
dose (food intake after 500 mg/kg was significantly greater 
than after saline or 125 mg/kg). This was particularly true at 
the early measurement periods (Dose x Time, F(9,369)= 
9.26). However, the ANOVA produced no significant effects 
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TABLE 2 


LATENCIES TO EAT FOLLOWING 2DG AND DRINK FOLLOWING 
NaCl IN RATS SUBJECTED TO CELIAC (C), 
COMBINED CELIAC AND HEPATIC (CH), 

LOW TOTAL (LT), OR SHAM (S) VAGOTOMIES 





0.25 M NaCl 
Median 


250 mg/kg 2DG 


Median Range Range 





2-15 (0) 
5-31 (3) 
2-24 (3) 
5-18 (2) 


9.7 3 7.7 
13.0 LE ag 
CH 6.5 16.0* 
LT 6.0 13.0* 





Values are in minutes. *»<0.05 compared with S controls. Num- 
bers in parentheses refer to the number of rats that did not respond 
during the 60 min observation period. There were only 11 CH rats in 
the NaCl latency test. 
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FIG. 3. Mean food intake response of vagotomized rats to insulin. 
S=Sham, C=celiac, CH=combined celiac and hepatic, LT=low 
total vagotomy. From dark to light, the four segments of each bar 
represent intake 1, 2, 4, and 6 hr postinjection. Standard errors 
ranged from: Ist hr; 0.25—0.57, 2nd hr; 0.14-0.42, 4th hr; 0.27-0.50, 
6th hr; 0.27-0.51. There were no significant differences between 


groups. 


involving the Groups factor (F’s<1.22), which indicates that 
the four groups did not differ in their response to 2DG. 

Preliminary inspection of the latency to eat data showed 
that most animals did not eat during the 60-min observation 
period after saline injection. These data were therefore dis- 
carded. The median and range of response times for each 
group after 250 mg/kg 2DG are presented in Table 2. There 
were no significant differences in latency to eat. 


Insulin 


The insulin consumption tests produced a similar pattern 
of results to the 2DG tests (see Fig. 3). Insulin enhanced food 
intake in all groups, F(3,123)=11.51, particularly during the 
first 2 hr postinjection (Dose x Time, F(9,369)=2.78, see 
Fig. 3). Significant differences in feeding existed only for 
comparisons between the three doses of insulin and saline and 
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FIG. 4. Mean water intake response of vagotomized rats to NaCl, 
S=Sham, C=celiac, CH=combined celiac and hepatic, LT=low 
total vagotomy. From dark to light, the four segments of each bar 
represent intake 1, 2, 4, and 6 hr postinjection. Standard errors 
ranged from: Ist hr; 0.99-1.92, 2nd hr; 0.26-1.49, 4th hr; 0.15-1.87, 
6th hr; 0.18-2.17, *»<0.05 compared with S controls. 


not within the insulin doses. Thus, although insulin increased 
food intake, it did not do so in a dose-related manner. There 
were no significant effects involving the Groups factor 
(F’s<0.94), which indicates that the four groups did not dif- 
fer in their response to insulin. 


Sodium Chloride 

The analysis of NaCl data revealed a significant three- 
way interaction, F(27,360)=2.40. Significant differences be- 
tween the S and other three groups at each measurement 
period and dose are shown in Fig. 4. Paradoxically, LT rats 
drank significantly less than S rats in the Ist hr after injection 
of 0.25 and 0.5 M NaCl, but significantly more in the same 
period in response to 1.0 M NaCl. By the 2nd hr after 1.0 M 
NaCl however, their hourly and cumulative intakes were 
significantly less than the S group. A within-group compari- 
son of the Ist hr response to the three doses of NaCl with 
that to isotonic saline revealed that the S, C, and CH groups 
increased water intake after all three doses of NaCl. How- 
ever, LT rats drank significantly more to the 0.5 and 1.0 M 
doses but not to the 0.25 M dose. During the 2, 4, and 6-hr 
periods, S rats drank significantly more following 1.0 M 
NaCl than following isotonic saline. However, with the ex- 
ception of the C group in the last 2 hr of the tests, the vagot- 
omized groups were not significantly affected by the three 
hypertonic doses during these periods. 

In addition to the three-way interaction, a Group x Dose 
interaction was present in the analysis, F(9,120)=2.45. Post 
hoc tests found that after the 0.50 M dose, LT rats drank 
significantly less than either S or CH rats. After the 1.0 M 
dose, S rats drank more than the three vagotomized groups, 
and also the C group drank more than the LT group. Com- 
pared with the volume consumed after injection of isotonic 
saline, S and CH animals drank significantly more following 
the 0.5 and 1.0 M doses; C and LT animals drank signifi- 
cantly more only to the 1.0 M dose. 

A significant Group Xx Time interaction, F(9,120)=2.37, 
reflected the significantly greater overall water intake of S 
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FIG. 5. Mean fluid intake response of vagotomized rats to PG. 
S=Sham, C=celiac, CH=combined celiac and hepatic, LT=low 
total vagotomy. From dark to light, the four segments of each bar 
represent intake 1, 2, 4, and 6 hr postinjection. Standard errors 
ranged from: Ist hr; 0.72-2.37, 2nd hr; 0.30-1.95, 4th hr; 0.58-1.57, 
6th hr; 0.44-2.31. There were no significant differences between 
groups. 


rats than the other groups in the 2nd hr. As Fig. 4 suggests, 
there was also a Dose X Time interaction, F(9,360)=12.76, 
with all groups drinking more to the higher doses in the early 
postinjection periods. Finally, a significant Groups effect, 
F(3,40)= 13.31, was found due to overall lower intakes of LT 
animals than the other groups. 

Thus, dose-related increases in drinking were seen in all 
groups but these were significantly smaller and shorter- 


lasting in the three vagtomized groups than in the controls. 

The results of the latency to drink tests with 0.25 M NaCl 
are presented in Table 2. All three vagotomized groups re- 
sponded significantly more slowly to hypertonic saline in- 
jection than did the S group. 


Polyethylene Glycol 


Analysis of the PG data revealed that PG significantly 
increased fluid intake, F(1,40)=8.35, but there were no sig- 
nificant effects involving the groups factor (see Fig. 5). This 
indicates that the four groups did not differ in their response 
to PG. 


Epinephrine 


The analysis of epinephrine data revealed a significant 
three-way interaction, F(27,360)=2.18. Significant differ- 
ences between the S and other three groups at each meas- 
urement period and dose are shown in Fig. 6. Compared with 
the same-group response to saline injection during the first 
30 min, S rats were significantly anorexic to the 80 and 120 
g/kg doses, C rats were anorexic to the 120 wg/kg dose, and 
the other two groups showed no significant anorexia. During 
the second 30-min period, C rats were anorexic following 120 
g/kg epinephrine but not the other doses, and the other 
groups were not significantly affected by epinephrine. 

The overall effect of epinephrine was to produce a signifi- 
cant decrease in food intake, F(3,120)=7.24, with combined 
consumption following 120 wg/kg injection significantly less 
than after the other injections. This effect was more or less 
dose-related during the first 90 min after injection (Dose x 
Time, F(9,360)=3.62, see Fig. 6). 
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FIG. 6. Mean food intake response of vagotomized rats to epineph- 
rine. S=Sham, C=celiac, CH=combined celiac and hepatic, 
LT=low total vagotomy. From dark to light, the four segments of 
each bar represent intake 30, 60, 90 and 120 min postinjection. 
Standard errors ranged from: 30 min; 0.03—0.51, 60 min; 0.14-0.46, 
90 min; 0.25-0.42, 120 min; 0.24-0.44. *p<0.05 compared with S 
controls. 


Thus, epinephrine produced a decrease in food intake, 
but particularly in the first 30 min, this effect was more se- 
vere in S rats than in the other three groups. 


DISCUSSION 


This experiment found that celiac vagotomy, either alone 
(C) or combined with other selective denervation procedures 
(CH, LT), attenuated epinephrine anorexia and NaCl- 
induced drinking but failed to affect 2DG-induced eating, 
insulin-induced eating, or PG-induced drinking. 

As the ingestive responses to epinephrine and NaCl were 
altered by celiac vagotomy, this suggests that a major path- 
way conveying information from the periphery to the brain 
(or the brain to the periphery) travels through the celiac 
vagus. Although all our surgical manipulations produced 
deficits in response to epinephrine and NaCl there were only 
small differences between the three experimental groups. On 
all measures CH rats were statistically indistinguishable 
from C rats, which suggests, in agreement with the conclu- 
sions of previous reports [1, 19, 46], that the hepatic vagus 
carries little information related to the behavioral aspects of 
caloric and osmotic homeostasis. However, at some doses 
and times, LT rats showed a slightly greater attenuation of 
epinephrine and NaCl-induced ingestion. For example, dur- 
ing the 6-hr NaCl test periods, LT rats drank significantly 
less than did CH rats and generally less than did C rats. They 
were also the only group to display a significant attenuation 
of drinking to the lowest dose of NaCl in the first hour. 
Moreover, after the highest dose of epinephrine, only the LT 
group ate significantly more than controls. One explanation 
for the differences between the effects of LT vagotomy and 
the other vagotomies is that LT vagotomy may have de- 
stroyed nerve fibers carrying caloric and osmotic informa- 
tion which travel near the stomach. Such fibers might be 
components of the gastric vagi that, in addition to supplying 
the stomach, travel across its external surface en route to (or 
from) other organs. Alternatively, the fibers may be gastric 
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afferents that travel with the sympathetic nervous system. 
However, this possibility would appear an unlikely explana- 
tion of the differences in response to epinephrine, as epi- 
nephrine anorexia is attenuated to the same extent in rats 
given TSV, sympathetic denervation by celiac gangli- 
onectomy, or combined TSV and ganglionectomy [49]. An- 
other possibility is that the greater attenuation of response 
seen in LT rats might be due to the nonspecific effects of LT 
surgery, which produced a transient decrease in body 
weight. However, the loss of weight was relatively slight 
compared with that found necessary to induce attenuated 
responses to challenges like those seen in rats with lateral 
hypothalamic lesions [40]. Irrespective of the explanation, 
the finding that LT vagotomy produced a slightly greater 
attenuation of ingestion than the other manipulations 
suggests that caution must be employed in the interpretation 
of experiments using gastric vagotomy as an indicator of a 
gastric site of action. 

The three surgical manipulations attenuated the ingestive 
responses to epinephrine and NaCl but did not completely 
prevent them. The failure of celiac vagotomy to completely 
abolish the challenge-induced alterations of food and water 
intake may reflect the existence of receptors capable of alter- 
ing ingestion that lie outside the projection field of the celiac 
vagus. These could be located in other peripheral sites or in 
the brain. Alternatively, actions of epinephrine and NaCl 
that are not specific to ingestive behavior may be responsible 
for the incomplete attenuation of challenge-induced feeding 
and drinking. 


Metabolic Challenges 


We have previously shown that epinephrine anorexia is 


attenuated by celiac ganglionectomy, TSV, and truncal va- 
gotomy, but not hepatic vagotomy [48,49]. Since a strong 
case has been made that epinephrine has a primary action on 
the liver ((35,37], see [49]), this suggests that the major affer- 
ent pathway that conveys information from _ hepatic 
metabolic receptors travels from the liver to the brain via the 
celiac ganglion, celiac vagus, and vagal trunks. Such a path- 
way is compatible with autonomic nervous anatomy (see 
above). 

The finding that the feeding responses to 80 wg/kg epi- 
nephrine showed the clearest differences between the S and 
other groups suggests that this dose may be capable of induc- 
ing a significant degree of anorexia (which the 40 uwg/kg dose 
did not) but not to the extent of involving nonspecific mech- 
anisms (as may be the case for the 120 uwg/kg dose; also, 
discrimination between groups was made difficult because 
feeding in the S, C, and CH groups was almost completely 
inhibited during the first hour). This closely parallels our 
previous work [48,49] as the largest differences between con- 
trol rats and rats given TSV, truncal vagotomy, or celiac 
ganglionectomy occurred at an epinephrine dose of 80 ug/kg 
and not at 20, 40, or 160 wg/kg. 

Because, like epinephrine anorexia, 2DG-induced feeding 
can be attenuated by TSV [6], these two compounds have 
been assumed to act at the same site (e.g., [35]). However, 
our finding that the feeding response to epinephrine but not 
2DG was attenuated by celiac vagotomy suggests this may 
be an oversimplification. It also has important implications 
for Russek’s hepatostatic theory of food intake regulation 
[34, 35, 36], which postulates an exclusive role for hepatic 
metabolic receptors in the determination of food intake. As 
with epinephrine, the case for an action of 2DG on the liver is 
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strong. For example, hepatic-portal administration of 2DG 
causes a greater intake of food with more rapid onset than 
does systemic administration [28], and these effects can be 
attenuated by TSV [28] or celiac ganglionectomy [41]. Thus, 
although it appears that both 2DG and epinephrine can act on 
hepatic metabolic receptors, our finding that only the re- 
sponse to epinephrine was altered by celiac vagotomy argues 
against a strict interpretation of Russek’s theory. One differ- 
ence between 2DG and epinephrine is that whereas 2DG is 
believed to activate metabolic receptors by competitive in- 
hibition of glucose metabolism [29], the action of epinephrine 
depends on the induction of hepatic glycogenolysis and the 
release of glucose [38]. Thus, epinephrine exerts its effects 
mostly on the liver but 2DG, in addition to stimulating hepa- 
tic receptors, can also influence receptors in other sites. If 
this interpretation is correct, it suggests that 2DG may be 
capable of increasing food intake by activating receptors in a 
region not served by the celiac vagus. Two possible candi- 
dates for its site of action in the periphery would be the 
stomach and perhaps the duodenum, which are innervated, 
at least to some extent, by gastric vagal fibers. Although not 
Statistically significant, during the first hour following 500 
mg/kg 2DG the three vagotomized groups displayed a tend- 
ency to eat less than controls. This might represent a deficit 
in feeding produced by denervation of receptors that are 
innervated by the celiac vagus such that removal of a pro- 
portion of the total number of metabolic receptors produces 
a small deficit in feeding. 

Although the difference in results between epinephrine 
and 2DG could possibly be a function of the different testing 
times (epinephrine tests were conducted during the dark 
period and 2DG during the light period) and hence different 
metabolic states, it is difficult to see how the obtained results 
could be an artifact of the testing situation. It is unlikely that 
our measurement techniques were too crude to notice an 
effect of celiac vagotomy on 2DG-induced feeding. We used 
relatively large numbers of subjects, employed a range of 
2DG doses (we have previously found that under similar 
testing conditions TSV attenuates 2DG-induced feeding to 
the 500 mg/kg dose, unpublished results), and observed both 
latencies to eat and food consumption at several intervals 
following injection. The epinephrine tests were conducted 
after the 2DG tests so recovery of function or neural re- 
growth can be ruled out as an explanation. Additionally, the 
fact that celiac vagotomized rats did not differ significantly 
from controls following 2DG and insulin injections and 
showed no deficits in body weight suggests that nonspecific 
effects of the surgery were unlikely to be responsible for any 
of the results seen here. 


Osmotic and Volemic Challenges 


Celiac vagotomy attenuated the drinking response to 
NaCl but not to PG. Although there are some conflicting 
reports in the literature [3,22], both NaCl and PG-induced 
drinking can be attenuated by TSV [9, 10, 11, 17, 18, 19, 33, 
42]. Our results suggest therefore that a major locus of action of 
NaCl is in a site served by the celiac vagus but that the 
integrity of the gastric vagi is sufficient to maintain the re- 
sponse to PG. Hepatic-portal administration of NaCl alters 
the electrophysiological response of both vagal fibers [1] and 
central neurons that are components of Norgren and 
Leonard’s [25,26] visceral-taste pathway [32]. Similar infu- 
sions produce drinking with a shorter latency than do 
intrajugular infusions [18]. Thus, our results agree with other 





612 


evidence that one site capable of determining the drinking 
response to NaCl is the liver. Additionally they suggest that, 
in apparent contrast to a recent report [9], when hepatic 
receptors are incapacitated by celiac vagotomy, gastric re- 
ceptors are insufficient to maintain NaCl-induced drinking. 

In a similar manner to the results with epinephrine, the 
results with hypertonic saline might be taken to suggest that 
maximum discrimination between groups occurs at the 1.0 M 
dose. Although it would be interesting to know if higher 
doses of NaCl allow greater discrimination between groups 
we did not attempt this because such doses are extremely 
painful to rats. The finding that the most noticeable differ- 
ences between vagotomized and S rats occurred in the sec- 
ond hour for the 1.0 M dose but in the first hour for the lower 
doses suggests that in addition to its effects upon celiac 
osmo- or sodium receptors, other factors, such as ac- 
tivational or painful effects of the injection may play a role in 
the first hour intake to 1.0 M NaCl which can mask the 
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expression of effects that are determined by the celiac vagus. 
Since the vagus carries visceral fibers from pain receptors 
this may also explain why the vagotomized groups drank 
more than controls during this period. 

The results of experiments using supra-physiological 
doses of regulatory challenge substances must be interpreted 
with caution when applied to the control of normal feeding 
and drinking. This is particularly true for the present study, 
as the three surgical manipulations caused no deficits in the 
response to insulin, 2DG, and polyethylene glycol and little 
or no effect on body weight or normal food intake. However, 
most researchers would agree that the regulation of food and 
water intake involves complex, interdependent and often re- 
dundant controlling mechanisms. If regulatory challenges 
can be considered as a method to expose the underlying 
structure of normal feeding and drinking, then the results of 
this study suggest that at least one mechanism involves the 
celiac branch of the vagus nerve. 
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TARR, R. S. Species typical display behavior following stimulation of the reptilian striatum. PHYSIOL. BEHAV. 29(4) 
615-620, 1982.—Seventy unanesthetized, unrestrained western fence lizards (Sceloporus occidentalis) were electrically 
stimulated through implanted electrodes. Behavior elicited included the species typical assertion display, elements of the 
challenge display and elementary locomotor responses: circling, rolling and curling. The assertion and challenge displays 
were elicited from telencephalic sites whereas the elementary locomotor effects were elicited from electrodes in the brain 
stem. Assertion displays were consistently elicited in 25 animals at an average threshold current of 46 uA. Sites showing 
the lowest threshold and greatest reliability were tightly clustered in the striatum and nucleus accumbens. Challenge 
behavior was elicited in eleven animals at an average threshold of 58 ~A. Seven of the animals with challenge responses had 
electrodes in a small area anterior and dorsal to nucleus sphericus. The implications of these results are discussed relative to 
current views of the comparative neuroanatomy of the basal ganglia and relative to the basic functional organization of the 


vertebrate central nervous system. 
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STUDIES utilizing electrical stimulation of the reptile brain 
have resulted in conflicting data [26]. This appears to be the 
consequence of several factors. First, the early (prior to 
1968) studies lacked precise quantification of current pa- 
rameters and histological verification of stimulus site [15,26]. 
Secondly, most of these early studies were attempts to find a 
**motor cortex”’ or subcortical motor area, as predicted from 
the prevalent anatomical views at that time [15]. Thus some 
investigators found the dorsal cortex (then thought to be the 
homologue of mammalian neocortex) an active motor area 
[1,2], whereas others did not [10,26]. Subcortical nuclei 
(thought to be the homologue to the basal ganglia) likewise 
give mixed results [10,15]. The third factor that has hindered 
studies on reptiles has been an inadequate appreciation of 
the known behavioral complexity of these animals. Thus the 
behavioral categories tested were often very broad or were 
components of numerous separate behaviors [7, 10, 26, 29]. 
Several definitive studies have been done however. Schapiro 
and Goodman [28], utilizing constant current stimulation pa- 
rameters and accurate histological marking, demonstrated a 
rigid stimulus bound circling from stimulation of the optic 
tectum. Another investigator [17] using geckos elicited threat 
display related vocalizations from regions around torus 
semicircularis. Stimulation of nucleus profundus mesenceph- 
ali [30] in collared lizards resulted in low threshold defen- 
sive posturing and dewlap (a skin fold of the throat used in 
iguanid lizard aggressive behavior) extension. 

The past decade has produced substantial progress and 
revision in the area of comparative neuroanatomy [21,26]. 
The classic view, based on the gross topographic relation- 


ships of structures, has been displaced as histochemical and 
connectional studies reveal a rational basis for determining 
homologies [9, 11, 25]. Thus functional studies on reptiles 
utilizing this anatomic model make comparisons with mam- 
malian work a valid and feasible operation. In the present 
study various targeted structures were systematically elec- 
trically stimulated in the iguanid lizard, Sceloporus occiden- 
talis. The use of an iguanid lizard allows for a precise 
analysis of complex species typical responses since the so- 
cial behavior of these animals has been thoroughly studied 
[14, 20, 31]. 


METHOD 


Adult male western fence lizards (Sceloporus occiden- 
talis) were obtained from dealers in California and housed in 
groups of 15 to 25 in cages 30 by 30 by 60 cm. Animals were 
anesthetized by intraperitoneal injection of 0.1 cc per 20 
grams body weight of 5 mg/cc nembutal solution. The lizard 
was then positioned in a modified Kopf rat stereotaxic and 
two electrodes positioned by coordinates relative to the 
parietal eye [12,31]. Small holes were drilled with a dental 
drill and the electrodes were lowered into place. A ground 
electrode was inserted under the skin in the dorsal neck re- 
gion. The active electrodes and ground were then cemented 
in place with dental acrylic. Upon recovery the lead wires 
were attached to a light spring suspended from an arm over 
the testing cage. 

Active electrodes were 000 stainless steel insect pins insu- 
lated with epoxylite insulator and dried point up in an oven. 
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Exposed tip length ranged from 0.05 mm to 0.1 mm. The 
ground electrode was an uninsulated 00 insect pin with at 
least 5 mm of shaft implanted under the skin. The stimulus 
was a biphasic square wave, | msec pulse duration, deliv- 
ered from a Grass S-88 stimulator through two constant cur- 
rent stimulus isolation units. Current was monitored by an 
oscilliscope (see [5]). Pulses were delivered at 50 pulses per 
second and at 5 pulses per second. The pulse train lasted 
from 10 to 30 seconds with at least a double intertrain rest 
period. 

The testing cage was a 30 by 45 by 60 cm glass aquarium 
with light provided by a 60 watt shielded incandescent bulb 
suspended in one corner of the cage. The light produced a 
temperature gradient on the cage floor ranging from 22°C to 
60°C. This gradient was used by the lizard to behaviorally 
maintain its preferred body temperature [18]. Three sides of 
the test cage were covered with paper, the fourth side was 
brought next to a one way mirror (angled in a way that pre- 
vented the animal from seeing its reflection) for observation 
from a darkened booth. On day one (at least 24 hours post- 
operative) the lizard was stimulated, while alone in the cage, 
until behavior was consistently evoked. Threshold determi- 
nation for each electrode was verified over a two day period. 
On day two mealworms and a male conspecific were added 
to the test cage and stimulation was repeated. 

Evoked behaviors were categorized according to the fol- 
lowing classification scheme: 

1. Complex, goal oriented behavior 
a. Eating 
b. Species typical assertion display (The assertion dis- 
play is a highly stereotyped species recognition dis- 
play. It is usually not directed towards a conspecific 
and is characterized by a repetitious vertical bobbing 
motion resembling a series of ‘‘push ups’’) 

c. Species typical challenge display posturing (an ag- 

gressive directed display) 

d. Fighting with the conspecific 

e. Exploratory behavior (tongue flick, etc.) 

2. Elementary locomotor effect 

a. Circling (ipsiversive or contraversive) 

b. Rotation in the frontal plane (tilting or rolling) 

c. Movements in the vertical direction (curling in a ball) 
A written description of evoked behavior was also obtained 
for each animal with attention paid to the individual se- 
quence and form of the behavior evoked. 

After all testing was completed the electrode tip sites 
were marked with an 80 uA DC current for 30 seconds. The 
animal was sacrificed and the brain stored in 10% Formalin, 
embedded in paraffin, sectioned at 14 microns in the frontal 
plane and stained with the Prussian blue iron stain. Drawings 
made from a microprojector were used to reconstruct the 
locations of the electrodes. 


RESULTS 


A total of 70 animals were treated as described above. 
One hundred twenty marked electrode tip sites were iden- 
tified. Complex goal oriented behaviors elicited included: 
assertion display (25 animals); challenge display posturing 
consisting of a raised posture and either lateral compression 
of the sides, exposure of the ventral blue aggressive mark- 
ings or extension of the dewlap (11 animals); and exploratory 
behavior without any display (24 animals). In no animal did 
stimulation elicit eating or fighting with the conspecific. 
Elementary locomotor effects elicited by stimulation in- 
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cluded: ipsiversive circling (10 animals), contraversive cir- 
cling (4 animals), tilting and rolling (10 animals), and curling 
(7 animals). An additional 7 lizards manifested combinations of 
the above locomotor effects, such as curling to the left and 
moving to the right or such as spiraling up into a position 
where the front legs were removed from the cage floor. In all 
cases the behavior was elicited on both testing days. 
Thresholds were often slightly higher on day two. 

The particular behavior elicited depended on electrode 
placement. Since this localization is clarified by other 
stimulus parameters (such as threshold needed to elicit the 
behavior) separate behaviors are listed below and electrode 
placement, current used and the reliability of the response 
are described for each category of elicited behavior. 


Assertion Display 


The 25 electrode sites giving assertion displays are shown 
in Fig. 2 and 3. There was a concentration of points along a 
column of cells in the region near the tip of the lateral ven- 
tricle: That is, nucleus accumbens and paleostriatum [21]. 
Several active sites were found in the posterior telencepha- 
lon lateral and dorsal to this cell column. Only 1 site outside 
of the telencephalon (in the hypothalamus) produced the as- 
sertion display. Threshold currents ranged from 5 wA (10 uA 
peak to peak) to 100 wA. The average threshold value was 46 
uA. The consistency of the evoked response (percent of 
applied stimuli that resulted in a display) ranged from 22% to 
91% with a mean of 50%. In one animal the assertion display 
was elicited by each of 22 consecutive stimuli. Analysis of 
electrode tip site by consistency reveals that the sites that 
showed a consistency of 50% or greater (12 animals) were 
tightly clustered near the tip of the ventricle in a column 
extending from 58% to 75% (where the distance from the 
anterior pole of the telencephalon to the posterior pole 
equals 100%) of the way through the telencephalon. In 18 of 
the animals the display occurred at stimulus offset or a few 
seconds after termination of the stimulus and was preceded 
by a generalized arousal characterized by the animal looking 
around the cage, taking a few steps then displaying. In 4 
lizards the display followed termination of current flow but 
without any looking or walking preceding it. Two lizards 
gave assertion displays at the start of or during current flow. 
Table 1 shows a summary of sites that produced the asser- 
tion display. Not shown are a few sites in nucleus accum- 
bens, septal nuclei, posterior pole of the telencephalon and 
hypothalamus. 


Challenge Behavior 


Eleven sites produced forms of challenge behavior. The 
locations of these sites is shown in Fig. 3. Seven of the 
eleven points were tightly clustered in the medial portion of 
the posterior basal telencephalon, in a region just anterior 
and dorsal to nucleus sphericus. The average threshold cur- 
rent needed to elicit challenge behavior was 58 wA, with a 
range of 30 uA to 120 wA. The form of challenge behavior 
seen varied somewhat in the different animals. In ail cases 
the lizard rose up on all four limbs within 3 seconds of 
stimulus onset and remained in this raised posture until after 
stimulus offset. Often this posture was held for several sec- 
onds after termination of the stimulus. Additional behaviors 
were at times present: in 6 animals the sides were drawn in 
(described as ‘‘lateral compression’’ [20]) resulting in an 
enlargement of the body profile and in exposure of blue ven- 
tral aggressive marking; 3 animals turned a quick half circle 
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FIG. 1. Cross section reconstruction through the brain of Sceloporus occidentalis. 
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FIG. 2. Location of electrode tips that elicited the following behaviors: ®@=assertion displays; A=circling; O=rolling; and O=curling. 


identical to the normally seen ‘‘face off’ posturing seen in 
this species [20,31] and 1 animal showed a pronounced ex- 
tension of the dewlap. Furthermore five of the lizards 
superimposed the display action pattern (push up) on these 
postures resulting in a nearly complete challenge display. In 
no case, however, did the stimulated animal orient towards 
the conspecific in the cage. The challenge behavior was even 
seen when the test animal was alone in the cage. Inter- 
estingly, the conspecific responded to the elicited challenge 
behavior with the normal responses [31] of flight, submission 
or return challenge. Table | shows a summary of sites that 
produced challenge behavior. Not shown are the sites in the 
dorsal aspects of PDVR. 


Elementary Locomotor Effects 


Figure 2 shows the location of tip sites giving elementary 
locomtor effects: circling, rolling and curling. Fourteen sites 
elicited a stimulus bound circling that began with stimulus 
onset and stopped immediately on stimulus offset. As cur- 


rent intensity was increased the circling became more rapid, 
progressing finally to a tonic curling of the body in the direc- 
tion of circling. 71% (10/14) of the sites produced ipsilateral 
circling and 29% produced contralateral circling. As seen in 
Fig. 2 all electrodes producing circling were posterior to the 
telencephalon, in the dorsal thalamus or brain stem reticular 
formation. 

Ten animals manifested tilting and rolling when stimu- 
lated. As with circling the response started immediately 
upon stimulus onset and ceased upon termination of the 
stimulus. At low current (less than 50 ~A) the animal would 
tilt his head and look straight up in the air. At higher currents 
the whole body would be rolled up onto one side. Finally 
(average of 129 wA) the animal would roll sideways across 
the cage floor. As shown in Fig. 2 the sites that produced 
rolling were found in a column of cells in the ventral medial 
brain stem. 

Seven animals manifested a curling response when stimu- 
lating, consistently curling into a ball with no bias to curl 
either to left or to the right. The threshold for curling was 68 
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FIG. 3. Location of telencephalic electrode tips. O=assertion dis- 
play; A=challenge behavior; and ()=arousal but no display. 


TABLE | 





Behavior Elicited 


Location Display Challenge Exploration 





Striatum (21 animals) 13* 5 
l 117 


Anterior 2/3 of 
ADVR (13 animals) 

Posterior '/3 of 
ADVR (13 animals) 





Test for Table 1: x7(4)=17.8, p<0.005. 
Test for each elicited behavior: 
*\?(2)=10.5, p<0.01. 

+x?(2)= 13.2, p<0.005. 

tx*(2)=11.9, p<0.005. 


uA. Again, the behavior was stimulus bound. As shown in 
Fig. 2 all the sites were located in the midline of the di- 
encephalon and mesencephalon. 


Generalized Arousal 


Some points yielded a nonspecific pattern of arousal, ex- 
ploratory behavior and escape behavior. That is, stimulation 
of these sites did not elicit any specific locomotor response 
or display. At low current (usually less than 50 uA) the 
animal would open his eyes and look around the cage. At 
higher current flow (between 50 and 100 yA) the animal 
would move around the cage and lick the cage floor and 
objects in the cage. Often, as current levels went above 100 
uA these animals would manifest escape behavior such as 
running and jumping at the walls of the cage. The electrode 
sites producing this behavior were primarily located in the 
telencephalon. Figure 3 shows the distribution of these sites. 
Table 1 shows a summary of the telencephalic sites that gave 
this exploratory behavior. 


DISCUSSION 


Histochemical analysis of reptile telencephalon has re- 
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vealed that the basal telencephalic structures are rich in 
cholinesterase and monoamines [4, 21, 22, 23, 25]. These 
structures have been shown to receive ascending catechol- 
aminergic fibers from the midbrain tegmentum [24]. On the 
basis of these histochemical findings and on the basis of 
known circuitry (such as appropriate thalamic connections) 
the basal cell masses of the reptile brain are now thought to 
be the homologue to the mammalian basal ganglia [4, 9, 21, 
22, 25]. In the lizard these ventral cell groups are usually 
referred to as the paleostriatum (or striatum) and nucleus 
accumbens. This region also includes the nucleus of the lat- 
eral olfactory tract [21]. Close examination of the histochem- 
ical findings reveals that the greatest density of cholines- 
terase and catecholamine activity if found in the immediate 
area surrounding the tip of the lateral ventricle (see [4], p.442 
and [21], p. 20). Stimulation of the caudal part of this region 
in the present study produced a consistent low threshold 
social display in 18/24 animals. Two areas of mammalian 
behavioral work provide some insight into this finding. First, 
bilateral lesions in the globus pallidus of the squirrel monkey 
abolishes the species typical social penile display [19]. The 
lesions needed are small and the loss only occurs when the 
globus pallidus or its outflow fibers are damaged. The impli- 
cation is that selective stimulation of this area in the squirrel 
monkey could elicit this display. Secondly, amphetamine in- 
duced stereotyped behavior in rats has been clearly traced to 
a dopaminergic response of the striatum [13]. The stereo- 
typed behavior elicited by amphetamine is not a complete 
species specific response such as a social display [13], how- 
ever, iguanid lizard assertion displays are characterized by a 
repetition of a simple motor act (the push up movement) and 
in this respect is similar to the stereotypy reported in rats. It 
should be noted, however, that electrical stimulation of the 
striatum in rats fails to produce stereotyped behavior unless 
the stimulation is bilateral [34]. 

Previous neuroethological studies on reptiles provide a 
base for the present study. Bilateral lesions of the posterior 
telencephalon (nucleus sphericus, nucleus ventromedialis, 
PDVR and posterior regions of ADVR) in Sceloporus occiden- 
talis abolished all challenge activity [31]. Stimulation of this 
area is now seen to elicit challenge behavior. The tight clus- 
tering of points in a small region just anterior and dorsal to 
nucleus sphericus (Fig. 3) suggests that this region is the 
critical locus in the posterior telencephalon for the integra- 
tion of challenge display behavior. The earlier reported 
abolishment of challenge behavior following striatal lesions 
in both Anolis and Sceloporus [12,32], however, indicates 
that anterior structures play some role in the production of 
the challenge display. It is possible that connections between 
the striatum and more caudal structures play a role in the 
performance of challenge behavior. The absence of dewlap 
extension following stimulation of the nucleus profundus 
mesencephali (NPM) is difficult to reconcile with the con- 
clusion [29,30] that in the collared lizard the NPM is the 
principle integrator of dewlap extension. This may represent 
a species difference. 

The absence of elementary locomotor responses from tel- 
encephalic sites is in accord with the bulk of previous studies 
on reptiles [26] but is at variance with work done on mam- 
mals showing turning and circling following electrical stimu- 
lation of the basal ganglia [34,35]. The present results rein- 
force the suggestion [21,26] that the reptile telencephalon is 
primarily concerned with the integration of complex behav- 
ior. 

The present results demonstrate a degree of localization 
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of function that was not manifest in previous reptile stimula- 
tion studies [6, 7, 26, 30]. As mentioned earlier, the failure to 
use precise electrode marking methods [7,26] and to test for 
complex social behavior [26,30] are possible factors con- 
tributing to the noticeable lack of structure-function corre- 
lates in earlier studies. Current spread when using monopo- 
lar electrodes in a small animal is seen to not be as serious a 
problem as suggested by the earlier studies. This is in accord 
with work using quantitative electrophysiological [3] and be- 
havioral [33] methods to determine the degree of spread. 
Both these studies revealed an effective spread of less than 
0.5 mm at 100 wA. In Sceloporus occidentalis a 0.5 mm 


TARR 


radius drawn from the tip of the ventricle (at 50% through the 
telencephalon) forms a circle that intersects the septal nu- 
clei, the ventral portions of ADVR the lateral forebrain bun- 
dle and the nucleus ventromedialis. Thus the levels of cur- 
rent employed in the present study resulted in the relatively 
clear functional localization summarized in Fig. 3 and in 
Table 1. Finally, the present results confirm that reptiles 
share a basic vertebrate neural organization and suggests 
that iguanid lizards may provide a simple model system for 
the study of stereotyped display behavior and striatal func- 
tion. 
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KOSTOWSKI, W. AND A. PLAZNIK. Decreased disrupting effect of neuroleptics on conditioned avoidance in rats with 
lesions in the mid-brain raphe nuclei. PHYSIOL. BEHAV. 29(4) 621-626, 1982.—The present study evaluated the effects 
of some neuroleptics (Chlorpromazine, haloperidol, spiroperidol) on general activity and avoidance behavior (one-way and 
two-way) in rats with lesions in the midbrain raphe nuclei (the nucleus raphe medianus and nucleus raphe dorsalis). 
Animals with lesions showed reduced response to neuroleptics when compared with sham-operated animals. The resist- 
ance of raphe-lesioned rats to neuroleptics is discussed on the basis of possible interaction between catecholamine and 


serotonin brain neurons. 


Neuroleptic drugs Midbrain raphe 


Avoidance behavior 





OPERANT avoidance procedures are the behavioral tech- 
niques commonly used to study antipsychotic drugs [5,20]. 
Antipsychotic drugs (neuroleptics) are known to block active 
avoidance behavior in a dose-dependent manner [7, 14, 25, 
28]. An attempt has been made to relate these findings to the 
synaptic actions of these drugs. It has been demonstrated 
that neuroleptics block catecholamine receptors in the brain, 
particularly the dopaminergic receptors in the striatum and 
other brain areas [1, 14, 26]. Brain 5-hydroxytryptamine 
(serotonin, 5-HT) seems to also play an important role in the 
mechanism of action of neuroleptics. Our previous experi- 
ments showed that intact 5-HT neurons are necessary for 
some of the behavioral effects of neuroleptics, since rats 
with lesions in the raphe nuclei, and area containing 5-HT 
cell bodies [16,18], or treated with p-chlorophenylalanine, an 
inhibitor of 5-HT synthesis, were less sensitive to catalep- 
togenic doses of neuroleptics than control animals [10, 16, 
18]. This phenomenon reflects the interaction between 5-HT 
and catecholamine neurons. Considerable evidence indicates 
that decreased activity of brain 5-HT neurons may be ac- 
companied by increased activity of both noradrenergic and 
dopaminergic neurons [15-19, 24, 31]. 

The present study was undertaken to investigate the ef- 
fects of neuroleptics upon operant behavior in rats with le- 
sions in the 5-HT systems of brain. Our previous results [29] 
showed that lesions of the midbrain raphe nuclei that deplete 
5-HT enhanced avoidance acquisition of rats. It was, there- 
fore interesting to observe sensitivity of these animals for 
drugs that normally impair the acquisition of conditioned 
reflexes. 


METHOD 


Animals 


The animals were naive male Wistar rats weighing 180- 
200 g at the beginning of the experiment. The animals were 
housed in groups of 3—4 in macrolon cages (20 24x45 cm) 
with ad lib access to standard laboratory diet (Bacutil, Po- 
land) and water. The ambient temperature was 21+2°C and a 
12 hr light/dark cycle was maintained (light on 7.00—19.00). 


Surgery 


Electrolytic lesions were produced in the median raphe 
nucleus (MR) or dorsal raphe nucleus (DR) according to the 
coordinates of the Kénig and Klippel stereotaxic atlas [15]. 
Details of the procedure were described by us elsewhere 
[29]. Briefly, animals were anesthetized with chloral hydrate 
(400 mg/kg IP), their heads were positioned in a Stoelting 
stereotaxic apparatus and 2 mA DC current was passed for 
10 sec through an intracranial anode made from a 0.25 mm 
diameter stainless steel wire, insulated with Epoxylite ex- 
cept for the tip. Sham operated (control) rats were treated in 
the same manner except that the electrode was not lowered 
into their brains. 


Conditioned Avoidance 


Avoidance training was carried out in a shuttle box con- 
sisting of two identical compartments (24x48 x76 cm) sepa- 
rated by a manually operated door (in one-way conditioning) 
or by an 8 cm high hurdle (in two-way avoidance). Animals 
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FIG. 1. Frontal sections showing typical lesions involving: (A) DR, 
the dorsal raphe nucleus, and (B) MR, the median raphe nucleus. 


were subjected to daily training (10 acquisition trials daily 
during 10 consecutive days) or until the criterion level of 90% 
correct avoidance responses during two subsequent days 
was reached. The light conditioned stimulus (CS) was 
produced by a 25 W bulb. The unconditioned stimulus (UCS) 
was a 2 mA footshock applied through the grid floor. In the 
‘one-way’ procedure the CS was presented for 10 sec and 
when animals did not cross to the *‘safe’’ compartment the 
UCS was delivered for 5 sec and repeated every 20-30 sec 
until an escape response occurred. In the ‘two-way’ proce- 
dure the CS-UCS interval was 5 sec with an average inter- 
trial interval of 30 sec. The number of avoidance responses 
for each training session was recorded. Animals not reaching 
the criterion level of acquisition were eliminated from the 
experiment. The details of these procedures have been de- 
scribed by us previously [29,30]. 


Open Field and ‘‘Y’’ Maze 


The open field was a 6565 cm square arena made up of 
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FIG. 2. Mean number of trials to criterion for acquisition of: (A) 
one-way, and (B) two-way avoidance. Abbreviations are: SH, sham 
operated control rats (A, n=7, B, n=6), MR, rats with lesions in the 
median raphe nucleus (A, n=9, B, n=7), DR, rats with lesions in the 
dorsal raphe nucleus (A, n=9, B, n=6). *=p<0.05, **=p<0.01 as 
compared with controls. 


wood, divided into 16 small squares (4 ‘“‘central’’ and 12 
‘“*peripheral’’) and enclosed by a wall 35 cm high. The 
number of entries into the squares, the number of rearings 
(the orienting reaction) as well as the number of immobility 
periods (every 5 sec was scored as | point) were counted 
during a 5 min observation period. 

The *‘Y’’ maze had three equal arms of 35x 15x32 cm. 
Activity in the Y-maze was recorded by counting the number 
of entries into each arm. 


Treatment and Drugs 


Drugs used were: chlorpromazine (Fenactil, Polfa), 
spiroperiodol (Spiperone, Janssen Pharmaceutica) and halo- 
peridol (Janssen Pharmaceutica). Chlorpromazine (CPZ) 
was dissolved in 0.9% saline while both spiperone (SPI) and 
haloperidol (HP) were dissolved in 0.1% aqueous solution of 
vinic acid and injected IP in a volume of | ml/kg. 

When avoidance training was completed the animals that 
reached the criterion level were treated with a single dose of 
neuroleptics or solvent respectively. CPZ was given in a 
dose of 2 mg/kg while both SPI and HP were injected in a 
dose of 0.2 mg/kg. Rats were tested 60 min after injection for 
conditioned avoidance. Seven days later the general activity 
of animals was tested in the open field and Y maze. Drugs 
were injected similarly as described above. 


Histological Analysis 


After the completion of the experiments the animals were 
sacrificed by decapitation. The brainstems were checked his- 
tologically after fixation in 10% formaldehyde and 8-10 um 
sections were stained with haematoxyllin and eosin. Loca- 
tion of lesions was determined according to the Konig and 
Klippel atlas [15]. 
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FIG. 3. Effect of neuroleptics on mean number of one-way conditioned avoidance responses. CPZ— 
chlorpromazine. HP—haloperidol, SPI—spiroperidol. Number of rats in the groups: SH: A, n=19, B, 
n=17, C, n=20, MR: A, n=9, B, n=9, C, n=7, DR: A, n=15, B, n=8, C, n=12. *—statistically 


significant from the appropriate subgroup of sham operated rats (SH). 


— statistically significant from 


its own control, (non drug treated groups) performance of which is represented here by criterion of 
CAR (see method section). All other abbreviations as in Fig. 2. 


Statistical Analysis 


A two-tailed Mann and Whitney **U”’ test was employed 
for analysis of the results. 


RESULTS 
Histological Examination 


Histological examination showed that lesions involved 
mainly the MR or the DR. In some MR lesioned rats lesions 
involved partially the superior cerebellar peduncle and the 
mesencephalic reticular formation while in some DR 
lesioned rats small portions of the central gray substance was 
destroyed. Typical lesions are shown in Fig. 1. 


Effects of Lesions on Avoidance and General Activity 


Rats with lesioned raphe nuclei acquired the one-way as 
well as two-way avoidance at a faster rate than the sham- 
operated animals. The results shown in Fig. 2 demonstrate 
lesions of the raphe nuclei decreased the number of trials 
necessary to achieve the criterion for acquisition. Lesioned 
rats also showed increased activity as measured by number 
of *‘central’’ and ‘‘peripheral’’ squares crossed and number 
of entries into arms in the Y-maze. The number of rearings 
was significantly increased only in DR lesioned animals 
while the number of immobilization periods was markedly 
reduced in both lesioned groups. Rats with lesioned MR 
displayed stronger locomotor excitation (as measured by the 
number of squares crossed in the open field and the number 
of entries into arms in the Y-maze) than rats with lesioned 
DR (Fig. 5). 


Effect of Neuroleptics on Avoidance Behavior 


All neuroleptics used in this experiment significantly de- 
creased conditioned avoidance responding in animals which 
had previously reached the criterion for acquisition. Chlor- 
promazine produced relatively lesser effect than HP and 
SPI. In rats with raphe nucleus lesions the depressive action 
of neuroleptics on two-way avoidance was attenuated or (in 
the case of CPZ) almost completely abolished. In the case of 
one-way avoidance, the results of MR lesioned animals in- 
jected with HP as well as DR lesioned rats treated with HP or 
SPI did not significantly differ from the matched subgroups 
of sham-operated controls (Figs. 3 and 4). 


Effect of Neuroleptics on General Behavior 


Chlorpromazine in the dose used in this study only 


slightly influenced open field behavior, reducing the 
number of entries into ‘‘peripheral’’ squares (Fig. 5). Both 
HP and SPI markedly decreased locomotion (decrease in the 
number of entries into peripheral squares and increase in the 
number of immobilization periods) and exploration (reduced 
number of rearings). This depressive effect of neuroleptics 
was markedly less in animals with lesions in the raphe nuclei 
which showed high activity level, similar to that observed in 
untreated, raphe-lesioned animals (see Fig. 5). 


DISCUSSION 


Our results indicate that lesions of the midbrain raphe 
nuclei enhance the acquisition of conditioned avoidance re- 
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FIG. 4. Effect of neuroleptics on mean number of two-way conditioned avoidance responses. For 
further explanations see Fig. 3. Number of rats in the groups: SH: A, n=17, B, n=14, C, n=12, MR: A, 
n=7, B, n=7, C, n=9, DR: A, n=12, B, n=8, C, n=10. 


sponses. These lesions increase also the general activity of 


animals with the lesion of MR acting relatively stronger than 
the lesion of DR. This finding is compatible with our previ- 
ous results [16,24] and those reported by others [2, 12, 13, 
21, 22, 27, 32]. The differences between MR and DR lesions 
are probably related to different ascending projections from 
these nuclei. The DR appears to contribute more fibres to the 
cortex, amygdala and basal ganglia than the MR. On the 
other hand the projection to the hippocampus is delivered 
mostly from the MR [2,13]. 

The present data indicate that electrolytic destruction of 
the MR as well as the DR attenuates neuroleptic-induced 
suppression of avoidance behavior in rats (particularly the 
two-way avoidance). The reduction of neuroleptic action in 
animals with lesioned raphe nuclei may be explained on the 
basis of possible interaction between 5S-HT and catechola- 
mine neurons in the brain. In fact, there is considerable evi- 
dence supporting such an interaction. Behavioral effects of 
drugs that stimulate dopaminergic neurons or act as dopa- 
mine receptor agonists (e.g. amphetamine and apomorphine) 
are markedly increased in animals with raphe lesions or 
animals treated with 5-HT depletors [3, 10, 11, 23, 24]. 
Injection of p-chlorophenylalanine or 5,7-dihydroxytrypta- 
mine, the neurotoxin that selectively destroys 5-HT neurons, 
has been found to increase striatal DA turnover [8] while small 
doses of 5-hydroxytryptophan, the precursor of 5-HT, re- 
duced both amphetamine and apomorphine stereotypy in 
rats [9,33]. 

Our results are in agreement with previous finding that 
catalepsy induced by both CPZ and HP was reduced in 
animals with lesions of the raphe nuclei [16] or animals 
treated with 5-HT antagonists [4, 6, 14]. 

All the data discussed above indicate that 5-HT neurons 


exert an inhibitory influence upon DA neurons in the brain 
(see also [18]). There is also evidence that at least some of 
the brain noradrenergic systems could be inhibited by 5-HT 
neurons since lesion of the raphe nuclei has been found to 
enhance the turnover of NE [17]. The problem of 
catecholamine—S5-HT interactions was reviewed and dis- 
cussed elsewhere by us [18,19]. 

Thus, the most probable explanation of our finding is that 
destruction of 5-HT neurons makes the catecholamine sys- 
tems hyperactive and, therefore, less susceptible to the ac- 
tion of neuroleptics. It has to be kept in mind that decreased 
action of neuroleptics on general activity in raphe-lesioned 
animals may be at least partially a manifestation of starting 
from an elevated baseline. In fact, lesions of the MR that 
produced stronger locomotor excitation than lesions of the 
DR, were also more effective in preventing neuroleptic se- 
dation when tested in the open field. Similarly, Jacobs et al. 
[13] reported that increased response to amphetamine was 
obtained following lesions to the median raphe nucleus 
whereas lesions involving selectively the DR were without 
effect. Our previous study showed that lesions of the MR 
increased avoidance acquisition (particularly the two-way 
avoidance) more than lesions of the DR [29]. On the other 
hand, both lesions were rather similarly effective in coun- 
teracting the neuroleptic-induced suppression of a two-way 
avoidance conditioning. Thus, the attenuation of neuroleptic 
action in this experimental paradigm was not simply due to 
an excitatory effect of the raphe lesions. 

It is difficult to explain why animals with lesions of the 
raphe nuclei were less susceptible to neuroleptics particu- 
larly when tested for two-way avoidance response. The in- 
terpretation requires further study but it is conceivable that 
one-way and two-way avoidance paradigms differ in terms of 
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FIG. 5. Effect of neuroleptics on general behavior of SH, MR and DR operated rats in the open field and Y-maze. Data are expressed as mean 
number of: A, entries into the arms of Y-maze, B, entries into the peripheral squares of the open field, C, entries into the central squares of the 
open field, D, rearings, E, immobility scores. Control panel-control rats not treated with drugs. *—statistical significance with respect to sham 
operated rats (SH). A—statistical significance with respect to DR lesioned rats. CPZ panel—chlorpromazine treated rats. HP panel— 
haloperidol treated rats, SPI panel—spiroperidol treated rats: O—statistical significance with respect to sham operated rats; A—statistical 
significance with respect to DR lesiond rats; *—statistical significance with respect to its own control (controls not treated wih drug shown in 
the Control panel). Number of rats: Control panel: SH, n=16, MR, n=10, DR, n=10, CPZ panel: SH, n=12, MR, n=9, DR, n=8, HP panel: 
SH, n=13, MR, n=10, DR, n=8, SPI panel: SH, n=11, MR, n=7, DR, n=9. AO*=p<0.05; AAOO**=p<0.02; AAA *** =p <(.01. 


involvement of associative and emotive processes in the 
brain. 

The present data indicate that depletion of 5-HT may be The authors thank Janssen Pharmaceutica for generous supplies 
associated with decreased sensitivity to antipsychotic drugs. of haloperidol and spiroperidol. 
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decreases food intake in obese men. PHYSIOL. BEHAV. 294) 627-630, 1982.—Six of eight obese men ate significantly 
less food during an intravenous infusion of the C-terminal octapeptide of cholecystokinin (CCK-8, 4 ng:kg~! -min™') than 
during a saline infusion in a double blind experimental paradigm. Subjects stopped eating sooner during CCK-8. CCK-8 did 
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CCK-8 in obese humans and it suggests that the therapeutic potential of CCK-8 for the treatment of obesity deserves 


investigation. 
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IN 1973, cholecystokinin, a peptide hormone released by 
food contacting the mucosa of the small intestine, was pro- 
posed as one of the short-term satiety signals that terminates 
a meal [3]. Considerable indirect evidence from animal 
studies is consistent with that hypothesis, but decisive proof 
has not been obtained [11,13]. 

Administration of a substance that is a part of a putative 
physiological mechanism for the termination of a meal is a 
novel therapy for obese subjects [10]. The possibility that the 
most common circulating form of cholecystokinin (the 
C-terminal octapeptide, CCK-8) could be used in this way is 
supported by the significant inhibition of food intake 
produced by CCK-8 in 2 of 3 studies in lean humans [4, 6, 
14]. We report here that CCK-8 decreased the size of a meal 
significantly in 6 of 8 obese men without significant side 
effects. 


METHOD 


Except that the subjects were obese and an initial screen- 
ing meal was included, the methods are identical to those in a 
previous report [6] and are simply summarized here. The 
protocol was approved by the Institutional Committee on 
Human Experimentation and informed consent was ob- 
tained. Eight obese men were selected. Their characteristics 





were (mean+SD): weight 95.3 kg+9.5, height 177.2 cm 
+6.5, age 24.7 yr +4.1, percent of average desirable weight 
137.4 +14.6, and taste test rating of the diet used as the test 
meal 7.4+0.75 (on a 9 point scale of liking) [9]. After an 
initial screening lunch, subjects returned for breakfast and 
lunch on each of 6 additional nonconsecutive days. 

On each day, the subject reported to the laboratory in the 
morning for a standard breakfast (2 cinnamon-flavored 
breakfast squares and 240 ml apple juice, totalling 492 kcal). 
He returned 165 min later, at which time an intravenous 
saline infusion was started through a 23 g butterfly needle 
inserted in the forearm vein. Ten min after the saline infusion 
began, the subject ate an appetizer consisting of crackers and 
jelly (216 kcal). The saline infusion continued, but the pump 
was switched to a second reservoir at a time calculated to 
begin delivering its contents to the vein exactly 12 min after 
the appetizer was served and just as the subject was given a 
liquified test lunch of yogurt and fruit, containing 0.91 kcal/g 
(65% of calories as carbohydrate, 17% as fat, and 18% as 
protein). The container of food rested on a universal eating 
monitor [5]. For the first 2 days following the screening, the 
second reservoir contained saline and for the last 4 days it 
contained either saline or the octapeptide of CCK-8, deliv- 
ered at the rate of 4 ng-kg~'-min~'. The saline was infused at 
the same flow rate as CCK-8. Both CCK-8 and saline were 
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TABLE | 
MEAL SIZES AND DURATIONS DURING SALINE AND CCK-8 INFUSIONS* 





Meal size (g) Meal duration (min) 


Difference 
(CCK-8-—saline) 


Difference 


Subject CCK-8 Saline (CCK-8—saline) CCK-8 Saline 





—249.0 8.90 11.42 
640.0 — 189.0 6.28 10.51 
313.0 71.0 13.86 15.52 
574.0 —46.5 7.62 7.62 
1440.5 — 155.3 9.85 15.45 

1469.0 —419.5 14.70 17.08 

1016.1 82.3 7.18 9.08 

1570.7 —98.1 6.70 9.30 


977.16 12.00 


545.0 794.0 
451.0 
384.0 
21.5 
1285.2 
1049.5 
1098.4 
1472.6 


851.65 —125.51 9.39 


Mean 


Standard 


deviation 422.90 472.27 167.07 3.24 3.54 





*Each value is the mean of two observations under the same conditions for each subject. 


TABLE 2 
ANALYSIS OF VARIANCE 





Intake Duration 


Source if MS F 





126014.4 3.51 

775874.6 21.63 
27910.3 0.78 
35871.1 


Treatment (T) 
Subject (S) 
xs 

Error 





Because the subject x treatment interaction was not significant, the interaction sum of 
squares was pooled with the error sum of squares for a more powerful test on the 
treatment effect, for intake. The MS pooled error was 33448.3 and F for t/pooled error 
was 3.77, p=0.03, (1-tailed) 1,23 df. The corresponding ¢ value (square root of F) is 1.94 


as noted in the text. 


supplied in indistinguishable coded vials, so that neither the 
subject nor experimenter knew what the subject was receiv- 
ing during the study. The contents of the second reservoir 
were determined by a balanced sequence design [1] such that 
each subject received two infusions of CCK-8 and two of 
saline on the last 4 days. Cumulative intake during the meal 
was continuously recorded and fit to a quadratic equation 
[5,7]. In addition both total intake and meal duration were 
recorded, and a videotape of the subject was made as he ate. 
(After he completed the meal, the subject was given a diet- 
rating sheet and questionnaire about his feelings and moods 
to fill out.) The intake, duration, and coefficients of the 
cumulative intake curve data from the last four days of each 
subject were analysed by means of a 2-way (treatments x 
subjects) ANOVA replicated measures (see Table 2), an 
analysis of variance for first residual effects [1], and a non- 
parametric test (Wilcoxon signed ranks). At the end of the 
study all subjects were given an interview. The response to 
the question ‘‘How much are you experiencing the following 
sensation in the stomach at the moment?*‘ ‘‘A sick sensa- 


tion’’ was tabulated on a 5 point category scale (1=not at all; 
2=slightly; 3=moderately; 4=very; 5=extremely). The scores 
were analyzed with the same ANOVA design used for intake. 


RESULTS 


CCK-8 significantly decreased food intake and meal du- 
ration in comparison with saline infusion without producing 
changes in the rate of eating or the shape of the cumulative 
intake curve. There were no significant side effects. 


Intake 


Food intake decreased during CCK-8 infusion in com- 
parison to saline infusion in 6 subjects by 46.5 to 419.5 g and 
it increased in 2 subjects (Tables 1 and 2). The mean de- 
crease was 125.5+64.7 S.E. This difference was significant 
on a I-tailed test, 7(23)=1.94, p<0.03 (see Table 2); and 
p<0.05, Wilcoxon signed ranks test, T*=5. Differences in 
baseline intake did not affect the inhibition of food intake by 
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CCK-8. The residual effect (23.9 g +91.9 S.E.) was not sig- 
nificant. 


Duration 


CCK-8 decreased meal duration in 7 subjects and had no 
effect in | subject (Table 1). The mean decrease was 2.6 min 
+ 0.65 S.E. (Fig. 1). This decrease was significant, 
1(23)=4.0, p<0.001; and p<0.05, Wilcoxon signed ranks 
test, T*=0. 


Rate of Eating and Cumulative Intake Curve 


There was no significant difference in the linear (“*b’’) 
(15.75 g/min +23.8 S.E.) and quadratic (*‘c’’) (— 1.06 g/min? 
+2.77 S.E.) coefficients of the cumulative food intake curves 
between saline (b=143.7, c=—5.65) and CCK-8 (b=127.9, 
c=-—4.59) infusion conditions. These coefficients [5,7] repre- 
sent the initial rate of eating and half the rate of deceleration 
respectively. Since the coefficients were not significantly dif- 
ferent, the shape of the cumulative intake curves were simi- 
lar under the two conditions (Fig. 1). This demonstrates that 
CCK-8 shortens the meal without changing the rate of eating. 


Responses to Questions and Food Records 


Subjects reported no differences in acceptability of the 
food, or feelings of hunger and satiety, between CCK-8 and 
saline infusions. Analysis of the videotapes by one of the 
authors who was ignorant of the infusion schedule, did not 
reveal differences in eating or postprandial satiety between 
CCK-8 and saline infusions. Furthermore, when interviewed 
at the end of the study, subjects could not identify days on 
which they received CCK-8 and they said they would be 
willing to repeat the experiment with a willingness of 7 or 
more on a 10 point scale. No subject dropped out. 

One question in the post-meal questionnaire (dealing with a 
sick sensation) was designed as a probe with face validity for 
detecting subclinical sickness, nausea or malaise. The re- 
sponse was 0.375+0.156 S.E. units on a | to 5 point scale 
higher on average during CCK-8 (1.625) than during saline 
(1.25) infusion, F(1,7)=5.72, p<0.05. However, the F ratio 
for the treatment/pooled error (see note to Table 2) was not 
significant, F(1,23)=4.06, p=0.06 

Since the response to this question has not been validated 
by another probe, it is not clear how to interpret it. Further- 
more, this significant difference does not imply a causal re- 
lationship between the response to the question and the re- 
duction in intake because there was a low and nonsignificant 
correlation (r=0.24) between the difference in the response 
to this question and the difference in intakes after CCK-8 and 
saline. No other signs of discomfort were reported or ob- 
served. 


DISCUSSION 


These results are the first demonstration that CCK-8 in- 
hibits food intake in obese men. The effect in obese men was 
similar to what we reported in lean men [6] using the same 
dose of CCK-8 under identical test conditions. This suggests 
that obese humans, like obese rodents [8], are not resistant 
to the satiety effect of CCK-8. 

Since this inhibition of food intake was obtained without 
significant side effects, we conclude that inhibition of food 
intake represents a satiety effect and was not mediated by 
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FIG. 1. Mean cumulative intake curves during saline and CCK-8 
infusions. Each line was computed from the average of the coeffi- 
cients of the individual cumulative intake curves. 


sickness or abdominal discomfort. The fact that CCK-8 
shortens the duration of a meal without changing the rate of 
eating is consistent with a satiety effect, but not with an 
aversive effect [2]. 

These results extend the large amount of indirect evi- 
dence [13] that CCK-8 is a short-term satiety signal. If 
CCK-8 were a part of a physiological mechanism for satiety, 
then circulating levels of CCK would reach threshold for 
satiety sooner during CCK than during saline infusion, be- 
cause the exogenous CCK would be added to the signal 
produced by endogenous CCK released by the digestive 
products of food in the small intestine. Earlier satiety was in 
fact seen in these experiments (Fig. 1) and in our prior exper- 
iments in lean men [6]. 

Whatever the fate of the hypothesis that CCK-8 is a part 
of a physiological satiety mechanism, these results in obese 
men suggest that CCK-8 may be useful in the treatment of 
obesity. To assess its therapeutic potential, a range of doses 
of CCK-8 will have to be tested in a larger group of subjects 
of both sexes under varied circumstances. Within those limi- 
tations, the present results demonstrate that gut hormones 
with satiety effects in animals [12] represent a new category 
of potential treatment for human obesity. 
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HERBERG, L. J. AND P. WINN. Body-weight regulatory mechanisms in hereditarily obese (fa/fa) and lean (Fa/Fa) 
Zucker rats. PHYSIOL. BEHAV. 29(4) 631-635, 1982.—Pre- and postprandial rectal temperatures and the defended level 
of body weight, as inferred from the critical body weight for the onset of hoarding behaviour, were compared in obese 
(fa/fa) and lean (Fa/Fa) Zucker rats. Body temperatures of the obese group were not significantly lower than those of the 
lean group, whether satiated or whether subjected to short- or long-term food deprivation. Defended body weights as 
inferred from the critical weights for hoarding, and the actual weights of the obese (fa/fa) rats were both abnormally high, 
nearly double those of their lean controls, but the percentage weight losses necessary to elicit hoarding activity were similar 
in the two groups. Thus the mechanism underlying the obesity of the Zucker rat appears to differ both from that of the 
hereditarily obese (ob/ob) mouse (which shows defective thermogenesis and is hypothermic) and from the obesity of rats 
with hypothalamic ventromedial lesions (in which the defended body weight is no higher than in intact controls). Unlike the 
ob/ob mouse and the ventromedial rat, the obese Zucker rat appears to regulate body weight in a normal way but at an 


abnormally high level. 


Hoarding Obesity Body temperature 


Zucker rat 


Body weight 





THE obese Zucker rat, carrying the double recessive fa/fa 
gene, had been widely adopted as an anima! model of genetic 
obesity [7, 14, 21]. These animals have grossly enlarged 
adipose depots, the result of both hypertrophy and 
hyperplasia [11,22]. They consume approximately 30% more 
food than their lean littermates [3,12], and are also thought to 
make more efficient use of this food by laying down an ex- 
cessive proportion of it as fat [10, 12, 35]. 

Two main types of explanation have been offered to ac- 
count for the positive energy balance of the Zucker rat (for 
review see e.g., Ramirez and Sprott [30]: either that the reg- 
ulatory mechanisms controlling their body weight are defec- 
tive, as in animals made obese experimentally with lesions of 
the ventromedial hypothalamus, or that their regulatory 
mechanisms are intrinsically normal but are programmed to 
regulate body weight at an abnormally high level. In either 
case, the positive energy balance could ensue from exces- 
sive food intake, from diminished energy expenditure, or 
from both. 

The present experiments were designed to examine these 
possibilities, firstly by determining the critical level of body 
weight at which the Zucker rat’s body-weight defence mech- 
anisms come into play, using the onset of hoarding behaviour 
as an index of this; and secondly, by making a longitudinal 
record of the Zucker rat’s body temperature as a possible 
indication of changes in its energy expenditure serving to 
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regulate its body weight. Hoarding behaviour in the male 
laboratory rat generally develops in an almost all-or-none 
manner [27] when body weight falls below a critical value 
[17,27]; and, once established, it is unaffected by whether 
the animal is hungry or not at the time of testing (except 
insofar as feeding activities may compete for time in timed 
hoarding tests [27]. The body weight at which hoarding de- 
velops therefore offers a convenient and relatively stable 
index of the critical weight below which behavioural [9,15], 
metabolic [1, 5, 6, 25], and endocrine adaptations [8] may 
supervene in a proportionate manner to prevent further loss 
of weight [13, 18, 28, 33]. The actual number of pellets 
hoarded per test may vary widely between individual rats 
[27] but it has been shown that males maintained on standard 
laboratory chow will generally start hoarding after losing 
about 10% of their body weight, depending on test param- 
eters and on age [18,20], whereas rats made obese with ven- 
tromedial hypothalamic lesions have to lose much more 
weight and must be returned to preoperative levels before 
they will start hoarding [17]. Examination of the critical 
weight for hoarding in the obese Zucker rat might therefore 
indicate whether these animals resemble ventromedial rats 
which have lost the ability to prevent their body weights 
from rising above defended levels, or whether they resemble 
normal rats and are regulating their weight effectively but at 
an abnormally high defended level. At the same time, com- 
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FIG. 1. Hoarding scores (right-hand scale) and mean body weights (left-hand scale) of obese (n=5) and 
lean (n=5) Zucker rats in consecutive weeks of free feeding, restricted feeding and free feeding. Body 
weights are expressed as a percentage of the pre-deprivation weight. Hoarding scores are means of 
medians of five scores obtained from each rat each week. Small bars indicate standard errors. 


parison of the body temperatures of obese and lean Zucker 
rats might indicate whether a deficient level of energy ex- 
penditure could be the immediate cause of their obesity, as 
appears to be the case in the ob/ob mouse [31,34]. Direct 
measurements of energy expenditure in the obese Zucker rat 
have in some cases shown a reduction in non-shivering 
thermogenesis [24,29], but other investigations have shown 
no change, or even an increase [1,2]. 


METHOD 
Subjects and Apparatus 


Five obese male Zucker rats (fa/fa), weighing between 565 
and 713 g at the start of the experiment, and five homozy- 
gous lean Zucker rats (Fa/Fa) weighing 320-384 g were ob- 
tained from colonies maintained at the Wellcome Research 
Laboratories and were 26 weeks old when testing began. 
They were housed singly under natural illumination in an 
air-conditioned environment at an average ambient tempera- 
ture of 24.2+2.3°C. Water was available at all times. Food 
(Oxoid 41 B pellets) was available on schedule. 

Hoarding tests were carried out in metal cages partitioned 
into an enclosed home area and an open area as previously 
described and illustrated [19]. The open areas were illumi- 
nated by an 80-W fluorescent tube positioned approximately 
25 cm above the cages in order to accentuate the ‘‘security 
gradient’ [4] between the home and the open area. 


Procedure 


Testing was carried out on five days per week at 11:30 
a.m. Each rat was weighed and allowed 15 min pre-test ac- 
cess to food in its hopper in order to lessen subsequent com- 


petitive effects of feeding. Food was then removed, a small 
tray of 2-g food pellets placed at the front end of the open 
area, and the number of pellets carried into the home area 
during the ensuing 10 min was counted. Hoarding was 
deemed to have developed if both the mean and the median 
number of pellets hoarded on three consecutive test-days 
reached a criterion of five or more. Rectal temperatures were 
recorded every second weekday with a thermistor probe 30 
min before (T,), and 30 min after (T.), the hoarding test— 
i.e., just before and 55 min after the start of pretest feeding. 
Group means were derived from the median temperatures of 
each rat each week. 

During the first week of hoarding tests the rats were given 
free access to the food hopper. Thereafter they were placed 
on a progressively more severe food-deprivation schedule 
(between 7 and 15 2-g pellets/day) to reduce body weight and 
elicit hoarding. After four weeks all animals were returned to 
an ad lib diet and tested for a further week, or until hoarding 
had disappeared. Body-weight data were submitted to 
analysis of variance and Tukey’s tests for multiple compari- 
sons. Temperature data were analysed by Friedman’s two- 
way analysis of variance and by [-tests. 


RESULTS 


The obese Zucker rats were at all times very much 
heavier than their lean litter-mates (537-703 g vs 289-384 g) 
but the percentage body-weight changes in the two groups, 
producing by their respective deprivation schedules, were 
closely comparable, F(1,8)=2.0, p<0.25, n.s. This is shown in 
Fig. 1. The figure also shows that falling body weight in both 
groups was accompanied by a gradual rise in hoarding activ- 
ity which reached a peak during the final week of deprivation 





BODY-WEIGHT, FOOD HOARDING AND OBESITY 


TABLE 1 


MEAN BODY WEIGHTS, HOARDING SCORES AND RECTAL TEMPERATURES 
(WITH STANDARD ERRORS) ON THE THREE CONSECUTIVE TESTS ON WHICH EACH RAT, 
INDIVIDUALLY, REACHED THE CRITERION LEVEL FOR HOARDING 





Obese Zuckers Lean Zuckers Obese vs Lean 





334.7 
92.6 


Body weight (g) 609.2 + 11.6 p<0.001 
% Pre-deprivation weight 92.8 0.6 n. 
Pellets hoarded 8.4 1.0 11.2 n. 
T, (C) (Pre-feed) 36.8 + 0.1 36.6 n.s. 
T, (°C) (Post-feed) 37.0+ 0.2 37.1 n. 
T, - T, 0.2+ 0.4 0.5 n. 





when body weights were at their lowest (Obese: 91.8% +0.7; 
Lean: 90.1% +0.7). The apparent group differences in the 
actual number of pellets hoarded were not statistically signif- 
icant, F(1,8)=0.7, n.s., and presumably reflected the charac- 
teristically high variance of this measure in food-deprived 
laboratory rats [26,27]. When food was again available ad lib, 
body weights were restored and hoarding ceased. 

The preset criterion for hoarding had been reached by all 
rats by the end of the food-deprivation period, and Table | 
gives the body weights, hoarding scores and rectal tempera- 
tures recorded on the three consecutive days on which each 
individual rat met criterion. The main result is clear: the 
critical body weight for the onset of hoarding, in absolute 
terms, was very much higher in the obese than in the lean 
Zuckers, F(1,8)=116.0, p<0.001, but the two groups 
showed virtually no difference in terms of the percentage 
weight losses (7.2% and 7.4%) necessary to elicit hoarding, 
F(1,8)=0, n.s. Nor was there any significant between-group 
difference in the rectal temperatures recorded 30 min before 
and 30 min after feeding and hoarding. 

Rectal temperatures recorded before and after feeds, dur- 
ing free feeding, and during deprivation-induced loss of body 
weight, are shown in Fig. 2. In Week 1, with food con- 
tinuously available, the food presented just before and dur- 
ing hoarding tests was generally ignored and did not affect 
body temperatures significantly. In Weeks 4 and 5, after 3 
weeks of progressive loss of body weight, the presentation of 
food evoked feeding for most of the 15-min test-period, and 
intermittently during the ensuing hoarding tests. Thus both 
groups ingested similarly substantial meals, and both groups 
showed a small but significant rise in rectal temperature 
(T,—T,=0.2°C; 1#(9)=2.5, p<0.05). The extent of this 
postprandial rise was not significantly different between 
groups, /(8)=0.6, n.s. 

The obese and lean groups both showed significant drifts 
in body temperature from week to week (Friedman x,” 
(4)=8.28, p=0.03, and 10.74, p=0.01, respectively) but tem- 
perature readings showed no clear relationship to nutritional 
status (see Fig. 2), and differences between the obese and 
lean rats did not reach significance. 


DISCUSSION 


Body Temperature 


The mean ambient temperature at which these experi- 
ments were done (24.2°C) was in the sub-thermoneutral 
range within which the ob/ob mouse gains more weight [31] 
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FIG. 2. Rectal temperatures of obese (n=5) and lean rats (n=5) 
before and after feeds during period of free feeding and restricted 
feeding. Points on the curves are means of the medians of three 
readings from each rat each week. Vectors indicate the direction and 
extent of post-prandial temperature changes. Week | readings were 
for feeds during which little or no food was consumed. Ambient 
temperatures were not controlled during Weeks 2 and 3, and 
readings for these weeks were excluded from statistical analysis. 








and is at least 2°C colder than pair-fed lean (Ob/—) controls 
[34]. Although the obese Zucker rats in the present study 
gained much more weight than their lean controls, pre- or 
postprandial rectal temperatures did not show between- 
group differences approaching this magnitude, nor was there 
a significant difference between groups in the magnitude of 
the postprandial rise (T,—T,). The small but significant drifts 
in rectal temperatures recorded week by week in both groups 
were not obviously related to experimental treatment or nu- 
tritional status and emphasise the difficulties in interpreting 
long-term temperature studies sensitive to factors such as 
unrecognized low-grade infections, increasing adaptation to 
the recording procedure, or ageing. But since the fluctua- 
tions in temperature ran a parallel course in the two groups 
and were small, they seem unlikely to have obscured large 
differences between groups, and readings were sufficiently 
sensitive to reflect the small rise in temperature (T,—T,) that 
took place in both groups with feeding. 

Thus the present results suggest that diminished ther- 
mogenesis may play a less conspicuous role in the fa/fa rat 
than in the ob/ob mouse; whereas the ob/ob mouse may suf- 
fer a primary deficit in this respect [31,34], the low energy 
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expenditure sometimes encountered in the Zucker rat [24,29] 
may simply represent one of several potential mechanisms 
(available also to normal rats) for defending a high level of 
body weight. 


Hoarding Behaviour 


The results show that hoarding activity can be elicited in 
obese male Zucker rats (fa/fa) even while they are still very 
obese, and that these animals do not differ from lean (Fa/Fa) 
controls of the same age with respect to the percentage 
weight loss necessary to induce hoarding. The two groups 
differed only with respect to absolute body weight (the obese 
rats being approximately twice as heavy), in the absolute 
amount of weight that had to be lost, and in the absolute level 
of body weight at which hoarding commenced: the critical 
weight for hoarding being much higher in the obese rats (609 
g) than in the lean (335 g). 

This finding contrasts with results previously reported for 
rats made obese with ventromedial hypothalamic lesions, 
which fail to hoard until their body weights are reduced to a 
level comparable to that of unlesioned non-obese controls 
[17]. This conspicuous distinction between the obese Zucker 
and the obese ventromedial rat complements other differ- 
ences in behaviour that have previously been reported: un- 
like the obese ventromedial rat the obese Zucker rat is not 
finicky with respect to palatable and unpalatable food [11], it 
shows a normal dietary compensation to caloric dilution [11], 
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and, like a normal rat, it will respond for food in the Skinner 
Box at higher fixed-ratio schedules than will the obese ven- 
tromedial rat [16]. 

These data indicate, firstly, that the obese Zucker rat 
does not suffer from the motivational deficits characteristic 
of the obese ventromedial rat; and secondly, that the de- 
fended or regulated body weight of the obese Zucker rat, as in- 
ferred in this experiment from the critical weight for hoarding, 
is abnormally high, unlike the defended weight for the obese 
ventromedial rat, which is normal [32]. These differences 
point to different causal mechanisms: the obese ventromedial 
rat appears to have a normal defended body weight but fails 
to adhere to it, whereas the obese Zucker regulates its body 
weight effectively but at an abnormally high level. This dis- 
tinction has possible implications for the management of 
obesity: while the ventromedial type of obesity responds 
well to simple dietary measures [23], obesity of the Zucker 
type, since it is a ‘“‘defended”’ obesity, seems likely to be 
refractory to all treatments except those known to affect the 
regulatory setting itself—including perhaps, manipulations 
which, in the rat, have been shown to affect the critical 
weight for hoarding [18,33]. 
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SULZMAN, F. M., C. A. FULLER AND M. C. MOORE-EDE. Circadian entrainment of the squirrel monkey by extreme 
photoperiods: Interactions between the phasic and tonic effects of light. PHYSIOL. BEHAV. 2%4) 637-641, 1982.—To 
examine the role that the phasic and tonic aspects of the light-dark (LD) cycle play in entraining the circadian timing 
system of primates, squirrel monkeys (Saimiri sciureus) were exposed to 24 hr LD cycles in which the light duration 
(photoperiod) was varied from | sec to 23 hr. The monkeys were maintained in isolation and the circadian rhythm of 
drinking was monitored. The photoperiod was first gradually shortened until constant darkness was reached. Even in 
extremely short photoperiods of only one second of light per day, the drinking rhythm remained synchronized to the 24 hr 
period of the LD cycle. In the second set of experiments, the photoperiod was gradually lengthened until constant light was 
achieved. The drinking rhythm of all monkeys was synchronized by 21 hr photoperiods (LD 21:3), but free-ran in 23 hr 
photoperiods (LD 23:1) which provided a | hr dark pulse each day. The tonic effects of light may contribute to the 
difference between the ability to entrain to short versus long photoperiods. In constant darkness the free-running period 
was close to 24 hr, thus reducing the phase-resetting necessary to achieve entrainment to a 24 hr period by short light 
pulses. However, in constant light or in the long photoperiods which did not entrain (LD 23:1) the free-running period of the 
drinking rhythm was greater than 25 hr, thus requiring a much larger daily phase shift to achieve entrainment to a 24 hr 
period. 

Light effects Drinking Entrainment Primates 


Squirrel monkeys Circadian rhythms 





time. It has long been known that light-dark (LD) cycles are 


DIVERSE behavioral, physiological and biochemical pa- 
the most efficacious environmental synchronizer, but the 


rameters exhibit pronounced changes as a function of time. 


Those variations which occur with a daily periodicity are 
referred to as circadian rhythms. The term ‘‘circadian”’ is 
used because in the absence of temporal information from 
the environment, the natural period of such rhythms only 
approximates 24 hr. In nature, daily environmental cues 
serve to reset the “‘biological clocks’’ which time these 
rhythms so that the period of the rhythms is exactly 24.0 hr, 
thereby permitting a constant phase relationship with solar 





mechanism of synchronization is not fully understood, 
especially in diurnal mammals. Entrainment could result 
from responses to two different aspects of the LD cycle. One 
is the phasic response that results from the daily changes 
from light to dark and dark to light. The other is the tonic 
response that results from the continuous action of light of a 
given intensity and duration. 

The phasic responses of vertebrate circadian rhythms to 
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LD cycles has been examined by several investigators by 
using 24 hr LD cycles of different photoperiods. In nocturnal 
mammals, DeCoursey [4] has shown that the flying squirrel 
(Glaucomys volans) can synchronize to LD cycles from as 
little as 1 sec of light per day to as much as 18 hr of light. 
Longer photoperiods were not examined. The phase angle of 
the activity rhythm was synchronized by lights off, not lights 
on. Elliott [5] has shown that the golden hamster (Meso- 
cricetus auratus) can synchronize to cycles ranging from LD 
1:23 to LD 18:6. At short photoperiods the phase angle of the 
activity rhythm tracked with lights on, while with photo- 
periods of approximately 12 hr and longer, activity tracked 
with lights off. It is generally agreed that the circadian 
rhythms of nocturnal animals are entrained predominantly 
by the phasic aspects of LD cycles, and a detailed model of 
this entrainment mechanism has been elaborated in rodents 
by Pittendrigh and Daan [9]. 

However, less is known about the relative contributions 
of phasic and tonic effects to the entrainment of diurnal ver- 
tebrates. It is reasonable to expect a different response as 
compared to nocturnal animals. Nocturnal species are nor- 
mally exposed to very little continuous light in an LD cycle 
since they are inactive and usually isolated from photic cues 
during the light portion of the cycle. They are typically exposed 
to brief light signals at dusk and dawn, i.e., at the beginning and 
end of their active periods. Diurnal animals, on the other hand, 
are exposed to continuous photoperiods of several hours of 
bright light, and thus the tonic responses may be more im- 
portant in entrainment. Both Aschoff [1] and Enright [7] 
have shown that 15 min of light per day will not entrain 
chaffinch activity rhythms. Similarly, Eskin [8] has reported 
that although sparrows will entrain to LD cycles from 
0.5:23.5 to LD 15:9, entrainment is not stable with 30 min of 
light per day. Also, DeCoursey [4] showed that chipmunks 
(Tamias striatus) do not exhibit stable entrainment to photo- 
periods less than 3 hr or longer than 23 hr of light per day, 
with the phase of the activity rhythm tracking with lights on 
and not lights off. In longer or shorter photoperiods entrain- 
ment was unstable. Thus in two avian species and in the only 
diurnal mammal that has been examined previously, the 
entrainment pattern was unstable when the tonic effects of 
the LD cycle were reduced, suggesting that tonic responses 
may be critical in entrainment of diurnal mammals. 

To examine the contribution of the phasic and tonic re- 
sponses in entrainment of diurnal animals, we have moni- 
tored the drinking rhythm of squirrel monkeys maintained in 
24 hr cycles with different photoperiods. Contrary to our 
expectations, the results show that tonic responses are not 
necessary for entrainment. Instead they may actually impede 
entrainment in long photoperiods and contribute to the find- 
ing that very short photoperiods are a more effective 
zeitgeber than very long photoperiods. 


METHOD 


Eight squirrel monkeys (Saimiri sciureus) (2 females and 
6 males) were used in this study. All animals were feral and 
maintained in the laboratory for 1 to 3 years before these 
experiments. These small (600-1200 g) daytime active South 
American primates were individually housed in cages 
(353550 cm). The experiments were conducted in light- 
tight sound attenuating, ventilated chambers maintained at 
approximately 25°C. Six monkeys were examined in photo- 
periods of less than 12 hr, and 4 were examined in photo- 
periods of longer than 12 hr. All the animals in each group 
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showed essentially the same patterns. In photoperiods of 
greater than | min, light was provided by fluorescent lights. 
Incandescent light was used for shorter photoperiods. The 
intensity of the light period was approximately 600 lux, and 
the dark period was 0 lux. Food and water were available ad 
lib and were replenished every 2 to 3 days at different times 
of the day. When the monkeys were in short photoperiods or 
in constant darkness, food and water were replenished with 
the room lights off so that no additional photic cues would be 
present. Access to the room where these experiments were 
conducted was restricted and care was taken to randomize 
human activity. 

The circadian rhythm of drinking was monitored by 
means of an electronic circuit which provided a signal which 
was proportional to the duration of time the animal was 
drinking. Drinking activity was totaled for 30 min and then 
stored on tape by an Esterline-Angus digital data collection 
system. 

The data from these experiments were stored on a PDP-12 
computer and plotted on a Complot plotter. The plotting 
program used to display the data represented the level of 
drinking at each half-hour by a series of vertical pen strokes, 
with the number of strokes per half-hour being proportional 
to the amount of drinking. The periods of the drinking 
rhythms were determined by the method of Pittendrigh and 
Daan [9]. 


RESULTS 
Photoperiods Less Than 12 Hours 


Short pulses of light are very effective in synchronizing 
the drinking rhythm of the three representative monkeys 
shown in Fig. |. In this figure, the light period began at 0800 
hr each day throughout the LD portion of the experiments. 
In panel A, the photoperiod was reduced in a step-wise fash- 
ion from 12 to 0 hr of light per day (constant darkness). The 
daily rhythm remained synchronized to the 24 hr period of 
the LD cycle, even with short photoperiods. In the LD 3:21 
section of the experiment, most of the drinking was confined 
to the light portion of the day, but with shorter photoperiods, 
drinking also occurred during the dark phase later in the 24 
hr day. In the short photoperiods the animal assumed a 
phase relationship with the LD cycle in which the maximum 
drinking occurred 6 to 10 hr after the light period. Although 
the drinking pattern of the animal is rather diffuse in panel A, 
it can be seen that the monkey remained synchronized even 
when there was only | sec of light per day. When the monkey 
was placed in constant darkness, the drinking rhythm free- 
ran with a period of approximately 24.2 hr. 

In panel B of the figure, a different pattern is evident. 
With the shortening of the photoperiod, the drinking rhythm 
exhibited a phase angle advance so that maximum drinking 
occurred earlier in the day. This animal free-ran in constant 
darkness with a period of approximately 24.2 hr. In panel C, 
a pattern that is similar to panel A can be seen. When placed 
in constant darkness, the monkey free-ran with a period of 
approximately 24.6 hr. The phase relationship to the LD 
cycle was similar to the animal in panel A. 


Photoperiods Greater Than 12 Hours 


Light-dark synchronization breaks down with photo- 
periods between 21 and 23 hr. Figure 2 shows the results of 
three experiments with three representative monkeys in 
which the photoperiod was increased from 12 to 24 hr per 
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FIG. i The drinking pattern of 3 representative squirrel monkeys exposed to photoperiods of 12 hr or less. The data are presented so that 
drinking is indicated by the vertical pen strokes below the horizontal time lines as described in the Method section. To facilitate visual 
examination, the data are double plotted so that the top line shows days | and 2, the second line shows days 2 and 3, etc. The photoperiods for 


each record are listed to the left of each panel. 


day (constant light). In panel A the photoperiod was in- 
creased in steps. Although the drinking pattern of this animal 
was rather diffuse, it can be seen that synchronization broke 
down with the beginning of the LD 23:1 cycle and the animal 
free-ran with a period of approximately 25.8 hr. The phase 
angle of the synchronized drinking rhythm changed as the 
photoperiod was increased, with most drinking occurring 
later in the photoperiod. 

These results are also seen in panels B and C of this 
figure. In panel B, there is a suggestion of a splitting of the 
drinking pattern towards the end of the LD 21:3 portion of 
the experiment. There was a burst of drinking at the begin- 
ning of the light period, then a time of no drinking, and then 
the major portion of drinking in the second half of the photo- 
period. The same pattern is apparent in the LD 21:3 section 
of panel C. However, when the monkey was released into 
constant light (LD 24:0) there was no evidence of splitting in 
the free-running rhythm. This suggests that the initial burst 
of drinking activity in the 21 hr photoperiod may be a passive 
response to lights on. Thus it appears that in these long 
photoperiods the drinking rhythm free runs from a phase 
defined by lights off and not lights on. In the animals shown 
in panels B and C the free-running period of the drinking 
rhythm in LL was 24.9 and 25.6 hr, respectively. 


DISCUSSION 


These results show that the circadian timing system of the 
squirrel monkey is quite sensitive to entrainment by LD cy- 


cles. The drinking rhythm can be synchronized by a wide 
variety of 24 hr LD cycles—from as little as | sec of light per 
day to as much as 21 hr of light per day. As described in the 
Introduction, there was reason to believe that the tonic re- 
sponses to light were important contributors to the entrain- 
ment of diurnal mammals. Contrary to our expectations, the 
results with short photoperiods clearly show that tonic re- 
sponses are not necessary for entrainment of this diurnal 
primate and at long photoperiods the tonic effects of light 
may even compromise the ability to entrain. 

The entrainment of the drinking rhythm of the squirrel 
monkey by short light pulses is comparable to that of noctur- 
nal mammals. Not only did photoperiods as short as one 
second provide stable entrainment in the present experi- 
ments but we have also preliminary data demonstrating that 
the circadian timing system of squirrel monkeys has a time of 
day dependent light sensitivity that is similar to the phase 
response curves that have been elaborated for nocturnal 
mammals, i.e., light pulses early in the subjective night 
produce phase delays and pulses late in the subjective night 
produce phase advances. The phase relationship between 
the short photoperiods in the present study and the drinking 
rhythm is thus what would be expected from an organism 
with a free-running period greater than 24 hr since the daily 
light pulses fall at a time of day when phase advances are 
accomplished. 

The tonic responses to light may have contributed to the 
failure of squirrel monkeys to entrain to 24 hr light-dark cy- 
cles with long photoperiods. The free-running period in con- 
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FIG. 2. The drinking pattern of 3 representative squirrel monkeys exposed to photoperiods of 12 hr or longer. The data are presented in the 


same format as in Fig. 1. 


stant darkness averaged 24.4 hr but was 25.4 hr in constant 
light. This is in agreement with our previous demonstrations 
that increasing light intensity increases the free-running 
period of the squirrel monkey’s circadian system, thus (like 
other diurnal primates) failing to follow Aschoff’s rule for 
diurnal animals [11]. Aschoffs rule states that in constant 
environmental conditions, when the light intensity is in- 
creased, diurnal animals have shorter free-running periods. 
whereas nocturnal animals have longer free-running periods. 
As a consequence of the response to the lighting conditions, 
a one second light pulse is only required to phase advance 
the circadian system by about 25 min each day to entrain to a 
24.0 hr period whereas a LD 23:1 cycle would need to reset 
the circadian system by almost an hour and a half each day to 
achieve entrainment to the same period. 

The long photoperiod cycles may alternatively be viewed 
as providing a dark pulse each day. In these terms a daily 3 
hour dark pulse entrained the circadian system of the squir- 
rel monkey but a | hour dark pulse did not any of the four 
monkeys which were examined. The role of dark pulses as 
zeitgebers has been studied recently by a number of work- 
ers. These experiments suggest that dark pulses tend to in- 
duce phase-shifts of the opposite sign to light pulses but the 
shifts induced by dark pulses are smaller in magnitude [3, 6, 
10]. For example, in hamsters, Ellis et al. [6] showed that 3 
hr dark pulses applied to animals free-running in constant 
light had the greatest effect at the time of activity onset, but 
the magnitude of the phase advance was about | hr. When 
applied at the same time, light pulse of only | hr produced 
comparable magnitude shifts (although of opposite sign). The 


present data suggest that in squirrel monkeys dark pulses 
also have a weaker phase resetting effect with a reverse sign 
to light pulses. When stable entrainment was achieved with 
an LD 21:3 cycle the squirrel monkey drinking rhythm 
adopted a phase relationship so that the daily dark pulse fell 
at the beginning of subjective night, implying the dark pulses 
falling at this phase produce a 1-2 hour phase advance, as 
compared to the phase-delays produced by light pulses at the 
same phase. 

The circadian system thus appears to enhance entrain- 
ment in environments where little light is available. Not only 
are short light pulses in constant darkness more potent 
phase-resetters than short dark pulses in constant light but 
the tonic effects of light in most species ensure that the free- 
running period is closer to 24.0 hours in constant darkness 
than in constant light [2] thus reducing the phase-resetting 
signal required. Although these effects ensure entrainment of 
the squirrel monkey to very short photoperiods, they appear 
not to be sufficient to entrain the other diurnal species so far 
studied. Whether the primates as a group show this en- 
hanced sensitivity to small amounts of light whereas other 
diurnal animals do not remains to be determined. 
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REYNOLDS, M. A., C. L. GOODRICK AND D. K. INGRAM. Decreased resistance to extinction in oblob mice 
following operant training. PHYSIOL. BEHAV. 29(4) 643-647, 1982.—Inconsistent results have emerged from past studies 
in which operant conditioning paradigms were used to assess the hunger motivation of genetically obese mice relative to 
that of normal mice. Methodological considerations indicated the need to examine operant performance to a criterion, 
rather than performance during time-based sessions, and then to focus upon response differences in resistance to extinc- 
tion. Therefore, genetically obese (ob/ob) mice and normal littermates were trained successfully to bar-press for 100 food 
rewards on either a CRF or a FR-10 schedule of reinforcement. Extinction behavior was then examined over 9 daily 1-hr 
sessions. While obese and normal mice evidenced similar patterns of learning, or response discrimination for food rewards, 
they evidenced different levels of hunger motivation during extinction conditions. Obese mice displayed a greater reduction 
in responding across extinction sessions, or less resistance to extinction, than normal mice following training on both 
schedules of reinforcement. These findings suggest that ob/ob mice exhibit lower levels of hunger motivation than normal 


littermates. 
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STUDIES of the operant performance of laboratory rodents 
with genetically mediated obesity have produced inconsis- 
tent results regarding the issue of hunger motivation in these 
animals (for reviews, see [10,11]). In these studies, hunger 
motivation has been defined operationally by the amount of 
work than an animal will perform for food. For example, 
Singh, Lakey, and Sanders [12] concluded that ob/ob mice 
demonstrate increased hunger motivation compared to nor- 
mal weight controls, as evidenced by the operant perform- 
ance of these mice under increasing fixed-ratio (FR) 
schedules of reinforcement. The number of responses emit- 
ted by the ob/ob mice was found to increase monotonically 
with each successively higher ratio to FR-256, but this 
monotonic relationship held only to FR-64 in normal weight 
controls and in mice with lesions in the ventromedial hypo- 
thalamus (VMH) induced by gold-thioglucose (GTG) injec- 
tions. Similarly, Greenwood e? al. [5] reported that fa/fa rats 
and a/a® mice exhibited higher levels of responding on FR 
schedules up to FR-128 compared to normal weight controls 
and those with GTG induced lesions. 

Sprott [13] also observed that a/a’ mice showed higher 
response levels on variable-ratio (VR) 20, variable-interval 
(VI) 30-sec, and VI 60-sec schedules compared to normal 
weight controls. The response rate of the db/db mouse in this 
study, however, did not differ from controls. Sprott further 
observed that the ob/ob mouse exhibited lower response 
rates than controls on VI 30-sec and VI 60-sec schedules, but 





that the obese mice had higher response rates on a VR-20 
schedule after many weeks of training. 

In the clearest contrast to the findings of Singh et al. [12], 
Sclafani and Griffo (cited in [11]) reported that ob/ob mice, 
similar to GTG-treated mice and obese mice with lesions in 
the VMH, exhibited less responding on FR schedules com- 
pared to normal-weight controls when the ratio was higher 
than FR-64. Based on these results, Sclafani [11] suggested 
that the ob/ob mouse resembles the obese syndrome 
produced by VMH lesions, which is generally associated 
with reduced hunger motivation [1,14]. 

These discrepancies in the literature might stem from 
methodological variables. For example, Strohmayer and 
Smith [15] suggested that session length may be an important 
variable affecting the direction of the results. In response to 
food deprivation, ob/ob mice in the dynamic phase of weight 
gain were observed to eat the same-sized meal as lean mice, 
except when deprivation reached 1.5 hr, at which time the 
ob/ob mice ate larger, more frequent meals. In the studies of 
Singh et al. [12] and Greenwood et al. [5], the session times 
were relatively long, from 4-24 hr; whereas, in the Sclafani 
and Griffo study (cited in [11]), the session time was rela- 
tively short, only 30 min. In the Sprott study [13], the session 
time was I-hr. Strohmayer and Smith suggest that differ- 
ences due to the potency of ingested food for effecting sati- 
ety may be misinterpreted as differences in hunger motiva- 
tion. 
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The present study was thus designed to alleviate this 
possible methodological problem. Rather than analyze per- 
formance during a time-based session, the present experi- 
ment focused upon operant performance of ob/ob and nor- 
mal mice to a criterion, on both continuous (CRF) and 
fixed-ratio (FR) schedules of reinforcement. During a given 
session the criterion could be reached on each schedule 
within the time interval suggested by Strohmayer and Smith 
[15], which would prevent potential confounding due to 
differences in the potency of ingested food for effecting sati- 
ety. We then focused upon response differences between 
obese and normal mice during extinction when no food was 
available; thus, we eliminated the question of potency of 
ingested food altogether in these sessions. 

Given that these genetically obese mice exhibit lower 
levels of activity than normal mice [2, 7, 8, 18], a two-bar 
operant chamber was used for training and testing, in which 
reinforcement was contingent on depressing only one of the 
bars during operant conditioning. By using a two-bar exper- 
imental chamber, any differences in motivation due to the 
activity factor should be observed in either the frequency of 
responding and/or the preference of the mice for the 
response-bar associated with reinforcement during extinc- 
tion sessions. Thus, the latter measure should provide a 
more sensitive test of motivational differences in this 
paradigm. Responding during extinction also should be inde- 
pendent of any interaction with food intake and would thus 
hopefully provide a cleaner measure of hunger drive. An 
observation of stronger resistance to extinction and/or 
greater preference for the reward-bar in obese mice would 
support the contention of Singh et al. [12] of greater hunger 
motivation in these mice compared to normal weight con- 
trols; whereas, an observation of less resistance to extinction 


among obese mice would support the contention of Sclafani 
and Griffo of reduced hunger motivation. 


METHOD 
Subjects 


Two genotype groups were tested consisting of 20 male 
C57BL/6J ob/ob mice and 20 lean littermate controls. All 
mice were obtained from the Animal Resources Department 
of the Jackson Laboratory (Bar Harbor, ME) at 5 weeks of 
age and were 12.5 weeks of age at the start of the experi- 
ment. All mice were housed individually in standard steel 
cages (17.8 10.2 12.8 cm) which were located in vivarium 
maintained on a 12-hr light (6 a.m.—6 p.m.): 12-hr dark photo- 
cycle at a temperature of about 22°C. Prior to the start of the 
experiment, the mean+SD body weight of obese mice was 
32.3+3.9 g versus 22.4+3.2 g for the normal mice [4]. 


Apparatus 


Eight identical operant chambers (Lehigh Valley Elec- 
tronics), 30.521.5x20.0 cm, were used for training and test- 
ing. Each chamber was equipped with a 0.02 ml liquid dipper 
centered between two microswitch levers that were sepa- 
rated by a distance of 14 cm, located on one of the 21.5 cm 
walls. Upon activation, the liquid dipper moved up into the 
cage area, allowing the mouse access, at which time a 1.5 
watt house light would illuminate the cage. The microswitch 
levers had an excursion of 21.5 mm and required 8.0+1.0 g of 
static force to depress. Opposite to this wall was a stainless 
steel partition secured at a distance of 15 cm in order to 
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effect a smaller testing area. Each chamber was housed in a 
ventilated, sound-attenuating plywood box. 


Procedure 


All mice were given food (24% protein according to 
NIH-07 formula) and water ad lib for 2.5 weeks from time of 
arrival. Over the next 5-weeks, the mice were placed on a 
reduced food ration and weighed daily. Motivational level 
was defined as maintenance of 80-85% ad lib starting body 
weights. Both groups were maintained within these weight 
ranges for 5 weeks prior to testing, with all mice eating their 
daily ration within 60 minutes. During training and testing, 
the mean+SD body weight of obese mice was 26.3+1.3 g 
versus 17.9+0.7 g for the normal mice. All training and test- 
ing sessions were conducted in an adjacent room between 
10:00 a.m. and 3:00 p.m.; mice were fed immediately follow- 
ing each session. 

During a 5-day pre-training period, all mice were adapted 
to the 2-bar operant chambers, which were illuminated. Op- 
erant response levels for each bar were obtained over a 
period of five 1-hour sessions, | session per day. No food 
rewards were provided in the operant chambers during pre- 
training. All mice were subsequently trained over a period of 
5 successive days to bar press on a CRF schedule for 0.02 ml 
of a 10% condensed milk-sucrose solution. Assignment of 
mice with respect to left and right response shaping was 
random but equal. 

On the basis of whether left or right response-bar presses 
had been shaped, animals were then randomly assigned to 
one of the following training conditions: (a) CRF schedule: 
with food presentation contingent on a left response-bar 
press; (b) CRF schedule: with food presentation contingent 
on a right response-bar press; (c) FR-10 schedule: with food 
presentation contingent on 10 left response-bar presses; and 
(d) FR-10 schedule: with food presentation contingent upon 
10 right response-bar presses. Thus, a total of 10 animals 
were assigned to each training condition. While all the mice 
were presented with two response-bars, the presentation of 
reinforcement was contingent on depressing only one of the 
bars, the reward-bar. Depression of the other response-bar, 
or neutral-bar, failed to result in presentation of reinforce- 
ment. Training was conducted over 6 sessions, | session per 
day, and each animal was allowed to obtain exactly 100 re- 
wards per session. Thus, a session was defined as the time 
required by an animal to obtain 100 rewards. Finally, extinc- 
tion data, in terms of response frequency, were obtained 
over nine I-hour sessions, | session per day, when food 
reinforcement was no longer provided. 


RESULTS 


The response pattern of obese mice was similar to that of 
normal mice during testing for operant level and during train- 
ing on both CRF and FR-10 schedules. Only during the ex- 
tinction period did significant genotype differences in oper- 
ant behavior emerge, with obese mice exhibiting less resist- 
ance to extinction than normal mice following both rein- 
forcement schedules. 

During testing for operant level across five sessions, the 
mean number of unrewarded bar presses per session for 
obese mice was 62.6 versus 55.5 for the normal mice. The 
data on operant level were submitted to a 2 (genotype) x 2 
(bar) x 5 (day) analysis of variance (ANOVA), with repeated 
measures on the last two factors. The results yielded only 
one significant main effect due to day, F(4,152)=22.01, 
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FIG. 1. Mean time +SEM in minutes required by obese and normal 


mice to obtain 100 rewards during training sessions as a function of 
reinforcement schedule (CRF vs FR-10). 


p<0.001, which indicated that operant levels, as measured 
by bar pressing, tended to increase across trials in both 
genotypes, and there were no significant interactions, 
(ps>0.05). 

Figure | depicts the course of training on both schedules 
in terms of the mean time required to obtain 100 rewards in 
each group. These data were analyzed separately by 
schedule in a 2 (genotype) x 6 (day) ANOVA, with repeated 
measures on the last factor. Although it appears in Fig. | as if 
the obese mice required more time to reach the criterion on 
CRF, the main effect for genotype was not significant, 
F(1,17)=3.44, p>0.05. The same was true of the main effect 
of genotype in the FR-10 training group, F(1,17)=0.26, 
p>0.05, indicating no differences between the obese and 
normal mice in the success of the training procedures. Learn- 
ing is reflected by the significant main effect of day in both 
the CRF condition, F(5,85)=6.56, p<0.001, and the FR-10 
condition, F(5,90)=7.09, p<0.001, indicating a general re- 
duction in session times across trials. The genotype by day 
interaction was not significant in either analysis, ps>0.05, 
which indicates that the rate of learning was similar in both 
genotypes. 

With the two-bar operant paradigm, it was also possible 
to examine the percentage of neutral-bar responses across 
training sessions for each group, applying the same analysis 
used for time scores. Again no significant main effect due to 
genotype emerged in either the CRF training group, F(1,18) 
<1.0, or the FR-10 training group, F(1,18) <1.0 (Fig. 2). 
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FIG. 2. Percentage of neutral-bar responses +SEM made by obese 
and normal mice during training sessions as a function of reinforce- 
ment schedule (CRF vs FR-10). 
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While no genotype differnces emerged in the percentage of 
neutral-bar responses during training, a significant main ef- 
fect of day was obtained in the CRF group, F(5,90)=3.82, 
p<0.01, and also in the FR-10 group, F(5,90)=2.45, p<0.05. 
The genotype by day interaction was not significant in either 
analysis, ps>0.05. The main effect of day in each group re- 
flects the general decline in the percentage of neutral-bar 
responses across trails under each reinforcement schedule. 
Thus, each training procedure reflected successful learning 
as evidenced by the decline in both neutral-bar responses 
and time scores across sessions. 

Although obese and control mice did not differ during 
training, a marked genotype effect was evident during ex- 
tinction testing, as shown in Fig. 3. Obese mice exhibited 
less responding following both schedules of training. The 
data on reward-bar responding during extinction in the CRF 
group were submitted to a 2 (genotype) x 9 (day) ANOVA, 
with repeated measures on the last factor. The -results 
yielded a_ significant main effect due to genotype, 
F(1,17)=5.53, p<0.05, which indicated the greater resistance 
to extinction among normal mice, and a significant main ef- 
fect due to day, F(8,136)=11.15, p<0.001, which reflected 
the extinction process. There was no significant genotype xX 
day interaction, F < 1.0. Reward-bar responding during ex- 
tinction in the FR-10 group was similarly analyzed using a 
repeated measures ANOVA. The main effect of day was 
again significant, F(8,144)=32.6, p<0.001, as was the main 
effect of genotype, F(1,18)=4.33, p<0.001. Moreover, a 
significant genotype X day interaction reflected that while 
the obese mice made fewer reward-bar responses during ex- 
tinction than normal mice, they did so only during the early 
extinction trials. In order to identify the days during which 
significant genotype differences were obtained on this 
schedule, tests of the simple main effects were conducted 
according to procedures outlined in Winer [17]. Significant 
genotype effects were found only during the first four ex- 
tinction trials, Day 1, F(1,32)=15.67, p<0.001; Day 2, 
F(1,32)=8.51, p<0.01; Day 3, F(1,32)=4.92, p<0.05; Day 4, 
F(1,32)=4.41, p<0.05. 

Analysis of neutral-bar responding during extinction was 
also conducted (Fig. 3). Regarding the CRF schedule, the 
results of 2 (genotype) x 9 (day) repeated measures ANOVA 
confirmed only one significant main effect, which was due to 
day, F(8,136)=2.33, p<0.05. Regarding the performance of 








SJ 
— 
— 


\ 
\ 


MEAN BAR PRESSES 
Beg 


Q 1 \ 
} \\ 
e \\ ne 
Na < ~B-0~ 
L 6. =o. 
'e No Om Nig 00 
oo —*_~e--6é 
—~e-* \ 
e—e 


= 


V294¢60708 12345807 
EXTINCTION SESSION (DAY! 


FIG. 3. Response frequency of obese and normal mice during ex- 
tinction sessions as a function of response-bar (neutral vs reward) 
and prior reinforcement schedule (CRF vs FR-10). 


FR-10 groups, a similar analysis revealed a significant main 
effect due to genotype, F(1,18)=5.39, p<0.001, but none due 
to day or to the genotype by day interaction. As they had 
demoustrated on the reward-bar, normal mice in the FR-10 
group exhibited a higher level of responding on the neutral 
bar during extinction than obese mice (Fig. 3). 

Finally, an analysis of the percentage of reward-bar re- 
sponses during extinction was performed separately by 
schedule in 2 (genotype) x 9 (day) repeated measures 
ANOVAs. As shown in Fig. 4, the analyses revealed no 
differences between obese and normal mice in their prefer- 
ence for the reward-bar during the extinction following train- 
ing on either the CRF, F(1,17) <1.0, or the FR-10 rein- 
forcement schedule, F(1,78)=3.41, p>0.05. A significant 
main effect of day in both the CRF, F(8,136)=11.52, 
p<0.001, and the FR-10 groups, F(8,44)=11.71, p<0.001, 
indicated the general decline in preference for the reward-bar 
across trials for both obese and normal mice. 


DISCUSSION 


The results of our study indicate that while ob/ob and 
normal mice evidence similar patterns of learning, or re- 
sponse discrimination for food rewards, they evidence dif- 
ferent levels of hunger motivation during extinction condi- 
tions. Specifically, no differences emerged between the 
ob/ob and normal mice in their patterns of bar-pressing dur- 
ing training for food rewards as a consequence of the differ- 
ential reinforcement of the response-bars. Nor did the obese 
mice differ significantly from normal mice in the amount of 
time required to reach the criterion of 100 reinforcements, 
within either the CRF or the FR-10 groups. During extinction 
sessions, however, marked differences emerged between the 
genotypes. Obese mice displayed a greater reduction in re- 
sponding across sessions, or less resistance to extinction, 
than did the normal mice following training on both CRF and 
FR-10 schedules of reinforcement. This difference was evi- 
dent during the first extinction trial and persisted across sev- 
eral more. Presumably, this decreased resistance to extinc- 
tion reflects decreased levels of hunger motivation in a situ- 
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FIG. 4. Percentage of reward-bar responses made by obese and 
normal mice during extinction sessions as a function of prior rein- 
forcement schedule (CRF vs FR-10). 


ation where there was no interaction with the potency of the 
ingested food for effecting satiety [15]. 

Potential differences in levels of general activity between 
these genotypes must be acknowledged when considering the 
observation of reduced resistance to extinction among obese 
mice, aS measured by responses on the reward-bar. Obese 
mice generally exhibit significantly lower levels of locomotor 
and exploratory activity than nonobese mice of the same age 
(e.g., [2, 7, 8, 18]). Even when obese mice are reduced in 
body weight to a level similar to that of normal mice, they 
nevertheless remain significantly less active [2]. Regarding 
this general activity factor, however, we noted no significant 
differences between normal and obese mice in operant level 
during unrewarded pre-training sessions. Moreover, normal 
mice did not show a higher percentage of neutral-bar re- 
sponding during training, which might have been expected if 
they were exhibiting a higher level of general activity in this 
situation. In addition, neutral-bar responding did not differ 
between obese and normal mice during extinction following 
training on the CRF schedule. The only difference in 
neutral-bar responding was observed during extinction fol- 
lowing training on the FR-10 schedule, when normal mice 
exhibited higher response levels. This comparison was the 
only instance where a general activity factor might have ac- 
counted for the difference in reward-bar responding between 
genotypes. Clearly, however, even when the activity factor 
is considered, there is no evidence that obese mice were 
demonstrating increased hunger motivation. Specifically, 
there were no significant differences between genotypes in 
percent reward-bar reponses during extinction following 
either reinforcement schedule. A difference here would have 
accounted for possible differences in general activity. Thus, 
the conclusion must be one of reduced hunger motivation 
with some possible involvement of activity level only follow- 
ing the FR-10 reinforcement schedule. 

Research by Coleman and others (see review in [3]) has 
suggested that the ob/ob mouse is deficient in a satiety fac- 
tor. When placed in parabiotic union with normal mice, the 
development of the obesity syndrome is suppressed in the 
mutant animals. The present findings, however, are consistent 
with the results of earlier studies on the ability of ob/ob mice to 
respond to caloric deficits and surpluses. In a series of experi- 
ments, Ramirez and Sprott [9,10] obtained findings which 
indicate that the ob/ob mouse is generally—but not 
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always—characterized by lower levels of hunger motivation. 
In some instances, the behavioral response of obese mice to 
caloric deficits and surpluses paralleled that of normal mice. 
These findings of similar or lower levels of hunger motiva- 
tion in ob/ob mice compared to normal weight controls are 
consistent with the hypothesis that the ob/ob mouse resem- 
bles the obese syndrome produced by VMH lesions. Within 
the dual lipostat model suggested by Sclafani [11], this obe- 
sity syndrome results from either reduced inhibitory signals 
from the upper lipostat or increased sensitivity to environ- 
mental cues associated with the diet. Thus, such animals 
should be characterized by an enhanced appetite (food- 
directed behavior elicited by external stimuli, such as taste) 
but reduced hunger (food-directed behavior elicited by inter- 
nal stimuli, such as stomach contractions) [11]. Only under 
favorable conditions, then, should these animals eat to ex- 
cess. In the present study, ob/ob mice exhibited less resist- 
ance to extinction following positive food reinforcement; 
however, following punishment, such as pairing toxicosis 
with a food stimulus in a conditioned taste aversion 
paradigm, ob/ob mice have exhibited greater resistance to 
extinction [6]. 

There are many variations of genetic obesity, and these 
likely have an equal number of underlying mechanisms [1]. 
For example, Coleman (see review in [3]) suggests that the 
ob/ob mouse is responsive to a satiety factor but is probably 
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deficient in its production; whereas, the db/db mouse likely 
produces a satiety factor but is unresponsive to it. Sclafani 
[11] also suggests that there may be at least one other form of 
behavioral response to genetic obesity. In this second type of 
obesity, both appetite and hunger are elevated during the 
dynamic phase of growth; but during the static phase of 
growth, both appetite and hunger levels are normal. The fa/fa 
rat and the a/a® mouse might be included in this category. 
Other arguments have been made that ob/ob mice should 
exhibit lower levels of hunger motivation during the static 
phase of body weight gain, due to greater energy-rich fat 
deposits, while the reverse should be true during the 
dynamic phase of growth [9,15]. The point to be gleaned 
from the dual lipostat model of obesity, as well as others, is 
that while the developmental and physiological concomitants 
of various obesity syndromes may parallel one another 
across genetic models, the genes responsible for these obe- 
sity conditions are different. It is unlikely, then, that various 
obesity syndromes can be reduced to disturbances in a single 
metabolic pathway [3]. 
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SHIBATA, M. Role of amygdala in feeding and drinking induced by single cortical spreading depression in the rat. 
PHYSIOL. BEHAV. 294) 649-656, 1982.—Possible involvement of the amygdala in feeding and drinking induced by a 
single wave of unilateral cortical spreading depression (CSD) was studied in rats. (1) Control animals started their first 
feeding or drinking in a peak one min after CSD, elicited from the occipital cortex, had expired at the boundaries of the 
frontal cortex. (2) The peak onset of feeding and drinking mentioned above coincided with the CSD entrance of the amygdala. 
(3) The peak onset of feeding, but not drinking, remained unchanged in the group with the amygdala lesion contralateral to 
CSD. (4) Mean incidence of feeding was lower in the group with the amygdala lesion ipsilateral to CSD than in the 
contralateral group. (5) Results are discussed in relation to the amygdalo-hypothalamic as well as cortico-hypothalamic 


interaction. 
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NEURAL connections between the amygdala and the lateral 
and ventromedial hypothalamus have been well defined elec- 
trophysiologically [17, 20, 29] as well as histologically [10, 
13, 30). Reports on behavioral implications of the amygdala 
in feeding and drinking are sometimes contradictory mainly 
because its structural complexity complicates interpretation 
of lesioning procedures [2,14]. Nevertheless, it seems obvi- 
ous that the amygdala is involved in feeding and drinking 
behavior [2, 14, 16, 22, 28]. 

A single wave of unilateral cortical spreading depression 
(CSD) is known to induce feeding and drinking [8]. A wave 
of CSD is not only restricted to the cortical tissue but it also 
invades the amygdala in the temporal region [4]. In the light 
of this evidence, the effect of the amygdala lesion on CSD- 
induced feeding [7], and drinking in water-deprived rats [11] 
was reported. However, multiple CSDs used in the above 
studies are not suitable for the experiment, since the situa- 
tion caused by them is complicated both temporally and spa- 
tially. In addition, a lack of direct electrophysiological 
monitoring of the CSD process (e.g., recording of slow po- 
tential changes, SPCs, accompanying CSD) made the exper- 
iment rather inconclusive. 

In the present study, a peak onset of feeding and drinking 
induced by a single wave of unilateral CSD as reported pre- 
viously [8,23] was first established by monitoring propaga- 
tion of CSD while recording SPCs through implanted DC 
electrodes and correlating it with the time course of feeding 
and drinking in the control group. In the second experiment, 
an additional electrode was implanted along with the cortical 
one directly into the nucleus lateralis of the amygdala to see 
if there was any relationship between the peak onset of feed- 
ing and drinking mentioned above and the CSD invasion of 
the amygdala. In the last experiment, unilateral amygdala 


lesions were made and a single CSD was elicited contralat- 
eral in one group and ipsilateral to the lesion in another 
group. Results obtained in these two groups were compared 
with those of the control in reference to the peak onset and 
mean incidence of feeding and drinking behavior. 


METHOD 


Animals and Operation 


A total of 38 male hooded rats (Lister strain) weighing 
between 230 to 320 g were used for the present experiments. 
They were anesthetized with Nembutal (60 mg/kg) during the 
operation. In the first control experiment (N=11), two re- 
cording calomel electrodes for recording SPCs were 
stereotaxically implanted into the cortex with the bregma as 
surface reference point (AP:+5.0, L:3.0, H:1.0, and 
AP:+0.0, L:3.0, H:1.0, see Fig. 1). A reference electrode of 
the same type was implanted in the opposite hemisphere 
(AP: +2.5, L:3.0, H:1.0). A stainless steel cannula (22 g) with 
a stopper (28 g) was implanted ipsilateral to the recording 
electrodes for a microinjection of 0.9% NaCl (non-CSD 
trials) and 10% KCl (CSD trials, AP:+7.0, L:3.0, H:0.0). 
Those solutions were injected through the implanted cannula 
1.0 mm below the cortical surface using an injection needle. 
Electrodes were connected to a miniature socket with lead 
wires and the whole assembly was fixed on the skull by 
applying acrylic cement over anchor screws. 

In the second experiment (N= 13), an additional calomel 
electrode along with the cortical one was implanted in the n. 
lateralis of the amygdala ipsilateral to the cortical electrodes 
according to the atlas by Fifkova and MarSala ((3], AP: +2.4, 
L:4.5—5.1, H:7.6-8.4, see Fig. 2). 

In the third experiment (N=14), animals were divided 
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into two groups and unilateral amygdala lesions were 
stereotaxically produced contralateral (N=7) and ipsilateral 
(N=7) to the CSD induction using a stainless steel electrode 
(280 wm diameter) insulated except for the tip 0.5 mm. A 
current of 10 to 12 mA was passed for 60 to 70 sec through a 
radiofrequency lesion maker (AP:+5.4, L:4.8, H:—3.0, atlas 
of Pellegrino and Cushman [19]). Two recording and one 
reference calomel electrodes and a stainless steel cannula 
were implanted into the cortex as described in the first exper- 
iment. No amygdala electrode was implanted in the animals 
of these two groups. 


Experimental Procedures 


Each animal was individually caged after the operation 
and maintained on a 12 hr light/12 hr dark regime with free 
access to food and water. The experiment started only after 
the animals had fully regained their body weight to the pre- 
operative level, usually 7 to 12 days after the operation. The 
experimental procedure in all four groups was the same: the 
animals first received 10 injections of 0.9% NaCl (0.3 ul) as 
baseline trials (non-CSD experiment) and then 20 injections 
of 10% KCI (0.2 to 0.5 wl) as experimental trials (CSD exper- 
iment). Each animal was tested twice a day. Prior to the test 
session, each animal was placed in the observation chamber 
for about 10 min. An intracranial microinjection of NaCl and 
KCI solution through the implanted cannula was carried out 
while the animal stayed on a small platform (10 cm x 15 cm) 
fixed along the outer wall of the chamber. The animal was 
then replaced in the chamber, and SPCs, feeding, drinking 
and other activities were simultaneously observed for 20 
min. During this period, rats had free access to water and 
food scattered liberally on the floor of the chamber. Only the 
first behavior in one experiment, feeding or drinking 
whichever appeared first, after NaCl injection and the CSD 
induction from the occipital cortex was evaluated for 
analysis. The onset of feeding and drinking in baseline trials 
was measured from the moment of the NaCl injection, and in 
CSD trials from the moment when a maximum SPC negativ- 
ity expired at the boundaries of the frontal cortex. If CSD 
was elicited mechanically during the baseline trial, or if mul- 
tiple CSDs occurred due to an excess of KCI solution in- 
jected in the experimental trial, such data were discarded. 

The observation chamber (30x40x40 cm) placed in an 
electrically shielded room was equipped with a water spout, 
one-way and reflecting mirrors and a light. In order to ob- 
serve the animal moving inside the chamber, the one-way 
mirror was fixed on one side of it, and the reflecting mirror 
was hung at 45° above it. When the inside of the chamber 
was lit, the experimenter was able to closely observe the 
animal’s behavior without disturbing it. 

In order to record SPCs from animals moving freely in- 
side the chamber, flexible cables (40 cm) were connected to 
the implanted electrode by a miniature socket, and led via a 
connection box to a DC amplifier and a pen recorder. 


Electrodes 


A miniature calomel electrode [25] consists of a glass 
semicapillary pipette (4 mm outer diameter and 10 mm in 
length for the cortex, and 15 mm in length for the amygdala 
with tip diameter of 0.2 to 0.3 mm) filled with a saline (0.9%) 
+ agar (2%) bridge, a calomel powder (HgCl) + pulp (taken 
from tissue paper) layer and mercury. A saline solution of 
0.9% was used for the present electrode in order that it 
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minimized the development of glia scar around its tips and 
the offset potential after the implication. 

Electrodes were examined prior to the implantation and 
only those with minimum offset potentials were used. Their 
resistance usually varied from 190 to 240 KO for the cortical 
and from 250 to 330 KQ for the amygdala implantation when 
measured in a 0.9% saline solution. 


Histology 


After conclusion of all experiments, animals were deeply 
anesthetized with Nembutal and perfused with 10% For- 
malin. The location of the tip of the amygdala electrode and 
the extent of the amygdala lesion were examined in Nissl 
stained serial sections. The extent of the lesioned area was 
calculated in each section in percentages. The position of the 
cortical electrode was also examined macroscopically. The 
distance between the two recording electrodes, and between 
the anterior recording electrode and the boundaries of the 
frontal cortex were measured in order to establish the exact 
course of propagation of CSD and to correlate it with the 
time course of the behavioral changes. 


RESULTS 
Control Experiment 


Figure | shows typical examples of consummatory behav- 
iors after a single wave of unilateral CSD. A microinjection 
of 10% KCl (arrows) in the occipital cortex elicited a single 
CSD wave which propagated towards the frontal boundaries 
of the cortex. This was monitored by recording SPCs ac- 
companying CSD (0-1 and 0-2 in A and B) from the elec- 
trode | and then the electrode 2. The first incidence of feed- 
ing (**F’’ in A) and drinking (*‘D’’ in B) was observed shortly 
after CSD had expired in the frontal cortex. Feeding and 
drinking took place 0.2 min and 0.1 min after CSD disap- 
pearance respectively, and lasted for 2.9 min and 0.9 min 
respectively. Such incidence of feeding or drinking usually 
followed a freezing behavior (Q) which was preceeded by an 
intensive face grooming (G). The intensive face grooming 
appeared when CSD had arrived at the level of bregma. 
Freezing was observed while CSD propagated through the 
caudal area of the frontal cortex. Thus, the behavioral se- 
quence of the intensive face grooming (G)-freezing (Q)- 
feeding (F) or drinking (D) was established as reported pre- 
viously [23]. 

The temporal distribution of the first feeding and drinking 
after a saline injection (C) and after a single CSD (D) is 
shown in Fig. 1. The histograms show such incidences in 
percentages after a saline injection (at 0 min), and before 
(negative values) and after (positive values) the CSD expira- 
tion in the frontal cortex (0 min). A peak onset of feeding and 
drinking appeared between 0 min and +1 min in D indicating 
that such incidences occurred within one min after the CSD 
expiration (25% of all incidences). The second highest peak, 
11% of all incidences, appeared between +1 min and +2 min, 
thus a total of 36% of all feedings and drinkings occurred 
within two min after the CSD expiration at the boundaries of 
the frontal cortex. Feeding and drinking occurred in 37% of 
all baseline trials (N =92) and 82% of all CSD trials (N= 144). 
The duration of feeding and drinking in baseline trials was 
1.4 min (n=23) and 0.3 min (n=11), and in CSD trials 2.4 min 
(n=86) and 0.6 min (n=32), respectively. 


Rats with Amygdala Electrode 


The implantation of an additional calomel electrode into 
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FIG. 1. Typical examples of feeding (A) and drinking (B) after a single wave of CSD, and temporal distribution of the onsets of 
the first feeding and drinking in baseline (C) and CSD trials (D). A single CSD was unilaterally elicited from the occipital cortex 
(KCI, in the inset) by a microinjection of 10% KCI solution (arrows). Slow potential changes accompanying CSD (upper two 
traces 0-1 and 0-2 in A, and B) were recorded via the electrodes | and 2. A reference electrode was located in the opposite 
hemisphere (0). The third trace (F/D) shows the incidence of feeding (F) and drinking (D). The feeding started 0.2 min and the 
drinking 0.1 min after the CSD expiration in the frontal cortex. In the lowest trace in A and B (other activity), open excursions 
of the trace upward from the baseline indicate periods of inactivity, and intensive (G) and normal face grooming activity are 
represented by filled (black) excursions above the baseline. Open excursions with a Q symbol indicate when the inactivity was 
of the freezing variety. The histogram C shows feeding and drinking after a NaCl injection (0 min on the abscissa), and the 
histogram D before (negative values) and after (positive values) the extrapolated CSD expiration in the frontal cortex (0 min on 


the abscissa). 


the nucleus lateralis of the amygdala (the electrode 3 in insets 
of Fig. 2), did not elicit any behavioral change in the animals. 
The n. lateralis was chosen because this nucleus had been 
reported to be one of the nuclei invaded by CSD in 100% 
cases [4]. Figure 2 shows a representative example of feeding 
(F) in this group after a single CSD was elicited at the occipi- 
tal cortex. It indicates that feeding occurred 0.1 min after the 
CSD expiration in the frontal cortex and that the onset of the 
feeding coincided with the time of the CSD invasion of the 
amygdala at the level of the electrode 3 (tracing 0-3). The 
feeding lasted for 1.3 min. 

Figure 3 shows the temporal distribution of the onset of 
the first feeding and drinking after a saline injection (A) and 
before (negative values) and after (positive values) the CSD 
expiration in the frontal cortex (B) and the CSD arrival in the 
amygdala (C). The pattern of feeding and drinking after CSD 
in this group, when analysed with respect to the CSD expi- 
ration in the frontal cortex (B), appeared to be the same as 


that of the control (Fig 1D) showing a peak of the onset of 
such incidences between 0 min and +1 min. Of these 122 
incidences in Fig. 3B, only those with clear SPCs from the 
amygdala electrode were subjected to further analysis. This 
is shown in Fig. 3C. This histogram shows the onset of feed- 
ing and drinking before (negative values) and after (positive 
values) the CSD arrival in the amygdala. Most incidences 
occurring between —1 min and +1 min in the histogram C 
(37% of 106 cases) corresponded to those observed between 
0 min and +2 min in the histogram B. 

Feeding and drinking were observed in 37% of all baseline 
trials (N=78) and 86% of all CSD trials (N=142). The dura- 
tion of feeding and drinking in baseline trials was 1.1 min 
(n=20) and 0.3 min (n=9), and in CSD trials 3.0 min (n=82) 
and 0.8 min (n=40), respectively. In eight out of the thirteen 
animals implanted, marks indicating tne position of the elec- 
trode’s tip were found inside the n. lateralis of the amygdala. 
Such example is shown in Fig. 4A (arrow). The remaining 
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FIG. 2. Representative example of feeding after CSD. The feeding was observed 0.1 min after the predicted CSD expiration in the frontal 
cortex that coincided with the CSD arrival in the amygdala. The CSD penetration into the amygdala was confirmed by SPC recording 
from the electrode 3 (trace 0-3) which was implanted into the n. lateralis of the amygdala (insets). Same conventions as in Fig. 1. 


five animals with the amygdala electrode located outside the 
nucleus were discarded. 


Amygdala Lesioned Animals 


In the last experiment, the animals were divided into two 
groups: unilateral amygdala lesion was produced, contralat- 
eral (in 7 animals) and ipsilateral (in 7 animals) to the CSD 
induction in the right occipital cortex. Fig. 5 shows the re- 
sults obtained from these two lesioned groups indicating the 
temporal distribution of the onset of feeding and drinking. 
The animals with the lesion contralateral to CSD (Fig. 5A, 
right) exhibited the'same pattern of feeding, but not drinking, 
as the control animals showing the peak onset of the inci- 
dence between 0 min and +1 min. On the other hand, in the 
animals with the lesion ipsilateral to CSD neither feeding nor 
drinking showed such peak onset (B, right). Feeding and 
drinking occurred in 63% of all baseline trials (A, left, N=60) 
and 81% of all CSD trials (A, right, N=117) in the contralat- 
eral group (A), and in 57% of all baseline trials (B, left, 
N=70) and 70% of all CSD trials (B, right, N=144) in the 
ipsilateral group (B). 

In the contralateral group, the duration of feeding and 
drinking in baseline trials was 1.4 min (n=15) and 0.4 min 
(n=23), and in CSD trials 2.9 min (n=48) and 0.7 min (n=47), 
respectively. In the ipsilateral group, the duration of feeding 
and drinking in baseline trials was 2.0 min (n=15) and 0.5 
min (n=25), and in CSD trials 2.8 min (n=42) and 0.7 min 
(n=59), respectively. 

The summary of the mean incidence of the first feeding 


and drinking after NaCl injections (open column) and single 
CSDs (shaded column) in the four groups is presented in Fig. 
6. In the two non-lesioned groups, the control animals and 
the animals with the amygdala electrode, mean incidence of 
feeding as well as drinking significantly increased after CSD 
by 45% in the former and 50% in the latter group (p<0.001, 
chi-square test). In the two lesioned groups, drinking was 
more often observed than feeding during baseline trials, but 
it was Vice versa in the two intact groups. In the contralateral 
group, there was no difference in the rate of drinking inci- 
dence between baseline and CSD trials (p>0.50). Significant 
increase of consummatory behaviors in the contralateral 
group after CSD (17%, p<0.001), therefore, resulted from 
the significantly augmented feeding incidence (p<0.05). In 
the ipsilateral group, mean incidence of neither feeding 
(p>0.10) nor drinking (p>0.25) in CSD trials was signifi- 
cantly higher than in baseline trials, though such incidences 
slightly increased after CSD (13%, p>0.05). Furthermore, 
mean incidence of feeding in the ipsilateral CSD group was 
significantly lower than in the contralateral (p <0.05) and the 
control CSD group (p<0.025), but drinking did not show any 
difference in the two lesioned groups (p>0.90). 

Figure 4B shows the extent of the unilateral amygdala 
lesion. Lesions were found in all amygdala nuclei in both 
groups, and percent tissue damage to nuclear areas was cal- 
culated by using the brain atlas of Pellegrino and Cushman 
[19] as follows: n. lateralis (mean, 49%), n. basolateralis 
(77%), n. basal medialis (87%), n. corticalis (32%), n. 
medialis (20%), and n. centralis (23%). No difference in the 
extent of the lesioned area in both contralateral and ipsilat- 
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FIG. 3. Temporal distribution of the onsets of the first feeding and drinking after a single CSD. The histogram A shows the incidence after 
a NaCl injection at 0 min on the abscissa. The histogram B indicates the incidence before (negative values) and after (positive values) the 
predicted CSD expiration in the frontal cortex. Only those incidences with clear SPC recording from the amygdala electrode were taken 
from B for further analysis. The onset of such incidences were recalculated in terms of the CSD arrival at the amygdala electrode 
(histogram C). The histogram C shows feeding and drinking before (negative values) and after (positive values) the CSD appearance in 
the amygdala. Note that most incidences appearing between —1 min and +1 min in the histogram C were those observed between 0 min 
and +2 min in the histogram B. 


eral groups was found. Extra-amygdala damage was negligi- 
ble except for about 26% of the pyriform cortex. 


DISCUSSION 


In the present experiment, the peak onset of feeding and 
drinking in the control group was observed within one min 
after the CSD expiration at the frontal cortex. The peak 
onset of feeding and drinking coincided with the time of the 
CSD invasion of the amygdala. The unilateral amygdala le- 
sion contralateral to CSD did not abolish the peak onset of 
feeding, but it abolished that of drinking. In animals with the 
lesion ipsilateral to CSD, neither feeding nor drinking 
showed such peak onsets. Furthermore, mean incidence of 
feeding in the ipsilateral CSD group was significantly lower 
than in the contralateral CSD group. This last result is in 
agreement with the one reported previously [7]. 

These results may suggest that it is essential for the CSD- 
induced feeding that the ipsilateral amygdala to CSD be in- 
tact and its function be suddenly blocked by the penetration 
of CSD into this structure. However, the possibility of an 
involvement of the amygdala in the CSD-induced drinking 


could not be immediately ruled out since the present result 
indicated that, in whichever side the unilateral amygdala le- 
sion was located, it affected drinking behavior in baseline 
trials. 

When two or three CSD waves were elicited, the second 
or third waves induced feeding or drinking at a high rate 
whether or not the first one coincided with feeding or drink- 
ing [23,27]. The amygdala was invaded by all CSD waves if 
an inter-CSD interval was longer than 25 min [4]. This 
suggests that the amygdala spreading depression requires a 4 
to 6 times longer refractory period than CSD. Therefore, the 
amygdala, which has been invaded by the first CSD wave, 
must have been still blocked when the second or third CSD 
waves appeared accompanied by feeding or drinking. Thus, 
those results support the present assumption that the sudden 
dysfunction of the amygdala due to the CSD invasion of this 
structure may be one of the essential conditions for the in- 
duction of feeding by CSD. 

Food and water intake were significantly higher in the 
amygdala-lesioned rats than in operated control animals 
[2,14]. This result and the present one could in part be ex- 
plained by the hypothesis that the amygdala exerts an inhibi- 
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FIG. 4. Brain sections showing typical examples of the location of 
the electrode’s tip in the n. lateralis of the amygdala (A), and the 
extent of the unilateral amygdala lesion (B). 


tory influence on approach behavior and also that rats with 
amygdala lesions have deficits in suppressing some moti- 
vated behaviors [9,12]. Electrophysiological data support the 
hypothesis that the amygdala may play a role in ingestive 
behavior by modulating the hypothalamic activity since the 
ventromedial hypothalamus exerts an inhibitory influence on 
the lateral hypothalamus through the amygdala [17,29]. 

Water-deprived rats with a unilateral corticomedial lesion 
of the amygdala drunk more water when multiple CSDs were 
elicited contralateral rather than ipsilateral to the lesion [11]. 
It was argued that the amygdala exerted an excitatory influ- 
ence on drinking and that lesioning of this structure dis- 
rupted the drinking behavior. An alternative explanation of 
this result would be that the amygdala may play a role in 
inhibitory mechanisms on some motivated behavior [9,15] so 
that the sudden dysfunction of this structure due to the CSD 
entrance of the amygdala may have had a facilitatory role in 
maintaining drinking behavior when CSDs were elicited in 
the intact hemisphere but not in the lesioned side. 

A brief facilitatory effect accompanying the CSD wave- 
front [6] may have caused a short lasting excitation of the 
amygdala neurons when CSD propagated through this struc- 
ture. It is not probable, however, that the brief excitation 
caused feeding or drinking since electrical stimulation of the 
amygdala arrested feeding in cats [5] and in food deprived 
rats [31]. 

Since an area of cortical neurons depressed by CSD re- 


covers after 3 to 5 min, the rostral region of the frontal cortex 
must be under the influence of CSD when animals started 
their first feeding and drinking shortly after the CSD expira- 
tion in the frontal cortex (Figs. 1, 3 and 5). The frontal corti- 
cal lesion produced a facilitatory influence on ingestive be- 
haviors [21,26]. Electrophysiologically, the medial prefrontal 
cortex of the rat exerted an inhibitory influence on the lateral 
hypothalamus [18]. In accordance with these findings, some 
hypothalamic neurons increased their activity during the 
CSD-induced functional decortication of the frontal area in 
the rat. Lateral hypothalamic neurons increased their firing 
rate when CSD propagated through the very rostral area of 
the frontal cortex [1]. Furthermore, the suppression of 
neural activity of the sulcal prefrontal cortex by CSD re- 
sulted in an increase of firing rate of the hypothalamic ther- 
mosensitive neuron [24]. It is of interest to note that there are 
neurons in the hypothalamus which increase their firing rate 
while the activity of the prefrontal cortex is suppressed. 
Such excitatory responses of the hypothalamic neurons to 
the CSD-induced functional decortication of the prefrontal 
area may participate, directly or indirectly, in the mechanism 
of the CSD-induced feeding and drinking. 

It may be concluded that the sudden blockade of amyg- 
dala function due to the CSD penetration into this structure 
coinciding with the functional decortication of the prefrontal 
area by the same CSD probably plays an essential role in the 
mechanism of the CSD-induced feeding behavior. 
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FIG. 5. Temporal distribution of the onset of the feeding and drinking after a single CSD. The histograms show feeding and drinking in the 
baseline (left half) and CSD trial (right half) with the unilateral amygdala lesion contralateral (A) and ipsilateral (B) to the CSD induction. 
The onset of incidences was calculated from the moment of a NaCl injection in the baseline trial and from the predicted CSD expiration in 


the frontal cortex (0 min in all histograms). 
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FIG. 6. Mean incidence of feeding and drinking after a NaCl injec- 
tion (open columns) and a single CSD (shaded columns) in the four 
groups, from the left, the control, the control with the amygdala 
electrode, the right amygdala lesioned (small filled circle) and the 
left amygdala lesioned. Two quarters of a circle indicate cortical 
hemispheres, and two open circles under them the amygdala. A 
shaded section of a quarter circle represents an induction of CSD in 
that cortical hemisphere. 
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HARRIS, A. H. AND J. S. TURKKAN. Plasma lactate levels during baseline and blood pressure conditioning in the 
baboon. PHYSIOL. BEHAV. 29(4) 657-663, 1982.—Lactic acid in arterial blood, systolic and diastolic blood pressures, 
and heart rates of baboons were examined for three naive subjects, and for five experimental subjects during baseline 
conditions and during training to elevate diastolic blood pressure through operant conditioning methodology. Lactic acid 
and cardiovascular levels were determined at rest (9 a.m.), and at 12:30 and 3:00 p.m. (during conditioning sessions, for 
trained subjects). At rest (baseline) lactic acid levels and cardiovascular measures were similar for conditioned and naive 
subjects. During conditioning sessions, blood pressures but not heart rates were significantly elevated. Plasma lactate 
increased from morning to afternoon in both naive and trained subjects, but at three hours of conditioning, trained subjects 
had significantly higher lactate levels than when at rest and when compared to naive subjects at the same time of day. This 
study provides normative data for plasma lactate in the laboratory baboon and also indicates metabolic changes (which may 
be related to increased muscular work) as part of concurrent changes in multiple systems (e.g., neural, hormonal) which 


accompany conditioned blood pressure elevations. 


Lactic acid Conditioned blood pressure elevations 





LARGE-magnitude elevations in blood pressure of baboons 
have been obtained during daily 12-hour conditioning ses- 
sions where reinforcement contingencies of shock avoidance 
and food procurement have been placed on elevations of 
diastolic pressure [17, 18, 19]. Investigations of physiological 
changes accompanying these cardiovascular effects have re- 
vealed increases in sympathetic nervous system activity as 
assessed by pharmacologic blockade [14] and by increases in 
plasma norepinephrine [16]. Changes in baroreflex sensitiv- 
ity were also observed [15]. The present study sought to 
investigate one of the metabolic concomitants of conditioned 
blood pressure elevations through the measurement of lactic 
acid in the blood. 

Although the relative contribution of various tissues to 
lactate production is not firmly established, striated muscle 
is presumed to be the major source. During muscular 
work, lactic acid, a metabolite of anaerobic oxidative mech- 
anisms diffuses into the blood and is often measured in 
studies of physical work and exercise [1]. Under such per- 
formance conditions, increases in plasma lactate have been 
shown to be directly related to the increased energy demands 
of exercise and work requirements [11, 21, 24, 39]. 

Demartini, Cannon, Stason and Laragh [5] have reported 
that essential and renal hypertensive patients have higher 
resting serum lactate levels than normotensive patients. In 





Baboons 


considering the possible sources of this increased lactate, 
these authors speculate that the peripheral vasoconstriction 
characteristic of later states of hypertension may produce 
tissue anoxia and result in more anaerobic cellular metabo- 
lism. Additionally, they suggest that the energy required by 
vascular smooth muscle cells to sustain contraction may ex- 
ceed the oxygen supply to these cells and also contribute to 
the increased serum lactate. In this latter regard, Lundholm 
and Mohme-Lundholm [27] reported that smooth muscle re- 
quires relatively more energy for the contractile process than 
does striated muscle and found that even under aerobic 
conditions, adrenaline induced vasoconstriction of smooth 
muscle resulted in a marked (>50%) increase in lactic acid 
production. Conversely, in humans under hypometabolic 
conditions induced through transcendental meditation, lac- 
tate concentration in arterial blood was reduced [41]. 

The purposes of the present study were twofold: First 
was to determine the diurnal changes of baseline levels of 
plasma lactate in the resting laboratory baboon. Since the 
restriction upon importation of rhesus monkeys for research 
and the subsequent increase in their costs, the baboon has 
become increasingly popular as a primate subject for 
biomedical experimentation. This suggests a need for more 
basic biological information on this species. Currently how- 
ever, there is little if any published information regarding 
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diurnal changes of plasma lactate in the baboon. The present 
study will add information to this important data base. Sec- 
ondly, although conditioned blood pressure elevations of 
substantial magnitude and/or duration have been reported in 
several primate species [2, 18, 34] including man [31], there 
has been no attempt to measure the metabolic changes that 
may accompany these cardiovascular perturbations. 

In addressing these considerations, the present study 
measured plasma levels of lactic acid in laboratory baboons 
during baseline conditions, and during periods of operant 
conditioning of blood pressure elevations. 


METHOD 
Subjects 


Seven male adult baboons (Papio sp.) weighing 18-21 kg 
served as subjects. Their daily diet consisted of primate bis- 
cuits (Ralston-Purina) and fruit. Water was continuously 
available. 


Apparatus 


Each baboon was maintained in an adjustable Plexiglas 
restraint chair [10], and housed in a sound-attenuated exper- 
imental chamber (151 cm high x90 cm wide x 126 cm long). 
A panel within the chamber was fitted with a food recepta- 
cle, and two translucent plastic inserts (21 x13 cm) illumi- 
nated from behind with red or white stimulus lights. A pellet 
feeder was mounted on top of the chamber. Masking noise 
was provided continuously through a speaker on the panel. 
Continuous dim illumination was provided by a 7'/2 watt 
houselight. 

Blood pressure tracings and beat-by-beat heart rates were 
displayed on a Beckman Type R Dynograph. An electronic 
averager [38] continuously analyzed systolic and diastolic 
blood pressures and heart rate. Pre-selected averaging 
periods of these measures for each subject were printed on- 
line. During the experimental sessions, meter relays inte- 
grated with the physiological recording system provided an 
adjustable reference level for comparison with the animal’s 
beat-by-beat diastolic blood pressure. All experimental 
events were programmed with solid-state logic modules 
(BRS-LVE, Beltsville, MD). 

During experimental sessions, from one to three 1 g 
banana-flavored food pellets (Noyes) were made available as 
reinforcements in accordance with the requirements of the 
blood pressure conditioning procedure. Electric shock (AC, 
constant-current) was delivered through stainless steel elec- 
trodes (each 2'/2x3 cm) applied to a shaved portion of the 
animal’s tail. Shock intensity ranged within and among 
animals from 5—7 mA (0.25 sec duration) when the electrode 
resistance, checked daily, was between 5 K and 50 K{. 


Surgery 


In order to obtain continuous readings of arterial blood 
pressure, a silicone-coated polyvinyl catheter was inserted 
into the femoral artery under 1°/4% halothane anesthesia ac- 
cording to a surgical procedure adapted from Werdegar, 
Johnson and Mason [42]. The distal end of the catheter was 
tunnelled under the skin, exited in the interscapular area, 
and fitted with an 18-guage Luer stud adapter. The arterial 
catheter was connected to a Statham transducer (P23De) 
mounted approximately 80 cm above heart level, and appro- 
priate corrections were made. The proximal end of the arte- 
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rial catheter was advanced to just above the iliac bifurcation, 
and below the renal arteries. 

Patency of the arterial catheter was maintained by a con- 
tinuous infusion of heparinized saline (5000 USP units per 
liter) at a constant rate of 4 ml/hr, and by a more rapid 
infusion (125 ml/hr for one min) once each day. Daily cali- 
bration of the system was accomplished without dismantling 
the components by integrating a mercury manometer 
through a series of three-way valves [9]. 


Conditioning Procedure 


After a 2-3 week post-surgery recovery period, baseline 
cardiovascular levels were determined during a period of 
exposure to daily 12-hour sessions in which a fixed-time (FT) 
10-min schedule of pellet delivery was in effect in the pres- 
ence of the white light; i.e., pellets were delivered independ- 
ently of blood pressure at the end of each 10-min period. A 
l-min timeout, during which the stimulus panel was dark, 
followed pellet delivery. 

The conditioning procedure consisted of daily (Monday- 
Friday) 12-hour sessions in which food or electric shocks 
were delivered depending upon the level and duration of 
diastolic blood pressure changes [18]. Experimental sessions 
for four of the five trained subjects began at noon and ended 
at midnight. One subject (MU) had 8-hour conditioning ses- 
sions, also beginning at noon. From midnight until noon the 
animals remained in the chamber, the houselight remained 
on, but no reinforcers or other exteroceptive stimuli were 
presented. During experimental sessions, one to three 1-g 
food pellets were delivered for every accumulation of 600 sec 
that an animal’s diastolic pressure was above a criterion 
level. Concurrently, a single electric shock was delivered for 
every accumulation of time (range among subjects = 120-180 
sec) that diastolic pressure was below the criterion level. 
Delivery of either food or shock was immediately followed 
by a one-minute timeout during which no stimuli or con- 
tingencies were in effect. 

The audiovisual stimuli presented during the session de- 
pended upon the diastolic pressure. When the pressure was 
above the criterion level, a white light appeared on the 
chamber panel. When the pressure was below criterion level, 
a red light accompanied by a 1000 Hz tone was presented. 
Comparisons of diastolic blood pressure levels with the cri- 
terion reference level were made for each heart beat. During 
the initial training months, the criterion level was progres- 
sively elevated at a rate approximating 2-3 mmHg per week. 
Table 1 provides training information for each subject. As 
Table 1 shows, median shock rates were low (less than 1 per 
hour); also, shock rates did not systematically increase at the 
higher diastolic criteria. 


Blood Collection and Assay 


Blood samples were taken from three naive subjects (Ba- 
boons WO, FRI, and FRA), one of whom (WO) served as a 
trained subject after conditioning. Blood samples were also 
taken from four additional subjects who were undergoing 
daily conditioning sessions (Baboons DO, BU, MA, and 
MU). Blood was collected at three time periods: 9 a.m. (prior 
to feeding, chamber doors closed, laboratory quiet), 12:30 
p.m., and 3 p.m., with approximately five determinations at 
each time period for each subject. For trained subjects, the 
daily 12:30 and 3 p.m. blood samples were taken '/2 hour and 
3 hours after the conditioning sessions were begun, respec- 
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TABLE 1 
TRAINING DATA FOR SEVEN BABOON SUBJECTS 





Diastolic 
criterion 
(mmHg) 


Duration of 
training 
(weeks) 


Median 
shocks/hr 





DO 4 68-71 0.63 
MU 12 75 0.31 
BU 2 years + 85 0.54 
MA 30 94 0.50 


irt trainin 
chair s naive/85 ~ 10.33 





*WO 

9 weeks 
FRI & 
FRA 8 


12 weeks 
naive — 
naive _— 





*WO provided data prior to conditioning (naive), and later, during 
conditioning. 
*Duration of chair restraint, for naive subjects. 


tively. Generally, blood was collected for a particular subject 
for consecutive days within the same week. 

Each blood collection involved first withdrawing and dis- 
carding 3 ml of arterial blood containing heparinized saline 
from the femoral catheter. Next, an additional 5 ml of blood 
was drawn into a plastic syringe, placed into a glass tube 
containing sodium fluoride and potassium oxalate (B-D 
Vacutainer), placed in ice and immediately taken for analysis 
to a laboratory on the grounds of The Johns Hopkins Hospi- 
tal. Levels of lactic acid were assayed by a modification of 
the Marbach and Weil method [28], which uses the oxidation 


of lactate to pyruvate and is described by Varley [40]. Lactic 
acid values (in milliequivalents/liter) were obtained within 
hours. Associated cardiovascular levels were measured just 
prior to each blood collection, with 1-4 min averages of sys- 
tolic and diastolic blood pressures and heart rates calculated 
for each subject. 


RESULTS 


Mean lactic acid levels at 9 a.m., when all subjects were 
sitting quietly in the experimental chambers, were 0.71 
mEgq/liter for trained, and 0.60 mEq/liter for naive subjects. 
Figure | illustrates within-day trends in average lactic acid 
levels, and diastolic blood pressure for both naive and 
trained subjects over the course of the day. Average daily 
increases in lactic acid were 0.54 mEgq/liter (76% increase) 
for trained, and 0.24 mEq/liter (40% increase) for naive sub- 
jects obtained after pooling the 12:30 and 3 p.m. values. 

Table 2 lists mean values (based upon 2-6 separate de- 
terminations) for lactic acid, systolic blood pressure, dias- 
tolic blood pressure, and heart rate for seven baboons at 
three times during the day. 

At noon, conditioning sessions for trained subjects began 
and, within minutes, blood pressure was elevated to just 
above criterion levels and remained elevated during the 
12:30 and 3 p.m. blood sampling periods. 

In order to assess differences in lactic acid and cardiovas- 
cular levels between trained and naive subjects, planned 
t-test comparisons were performed for each measure. Data 
from Baboon WO, who served both as a naive and later as a 
trained subject, could not be included in both groups for the 
t-test comparisons. Thus, in all f-tests reported here, only his 
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data prior to conditioning (naive) were used. Results were 
not different when his data were used only in the trained 
group. This analysis revealed that at 9 a.m. (resting), trained 
and naive subjects did not significantly differ in their lactic 
acid levels, 1(5)=0.86; p>0.05, in diastolic blood pressure 
levels, #(5)=2.54; p>0.05, or in their heart rate levels, 
t(5)=0.33; p>0.05. By contrast, when trained subjects were 
experiencing conditioning sessions in the afternoon, their 
diastolic blood pressures were significantly higher than 
naives at this time, #(5)=5.82; p<0.01. Heart rates of trained 
subjects although elevated, were not, however, significantly 
different from those of naive subjects in the afternoon, 
1(5)=1.78; p>0.05. Similarly, 12:30 p.m. lactic acid levels did 
not differ significantly between trained (who had begun the 
experimental session at 12 noon) and naive subjects, 
t(5)=1.71; p>0.05. By 3 p.m., however, (three hours after 
the conditioning session began for trained subjects), lactic 
acid levels, although elevated for both trained and naive sub- 
jects, were found to differ significantly between these two 
groups, 1(5)=4.32; p<0.085. 

For three trained subjects (Baboons DO, MA and BU) 
our protocol also included four occasions when the condi- 
tioning procedure was not started at the customary 12 noon 
start time. Instead, on these occasions, the conditioning 
session was delayed until after the 3 p.m. blood sample was 
taken. This allowed a within-subject comparison at the same 
time of day for trained subjects when they were and were not 
experiencing the conditioning procedure. As can be seen in 
Table 2, for these subjects the lactic acid levels were on the 
average higher (1.29 vs 0.98 mEq/liter) when they were ex- 
posed to the conditioning session as compared to when they 
were “‘resting’’ at 3 p.m. These differences were significant, 
t(4)=3.71; p<0.05, while the difference between ‘‘resting”’ 
trained subjects and naives at 3 p.m. was not significantly 
different, 7(4)=1.36; p>0.05. 

Baboon WO afforded an opportunity to examine lactic 
acid levels before and after training. This subject had shown 
elevations in lactic acid from 0.85 to 1.13 mEq/liter between 
9 a.m. and 3 p.m. before training. After training, his lactic 
acid levels increased from a mean resting value of 0.44 to 
1.15 mEq/liter between 9 a.m. and 3 p.m. 

One subject (DO) was observed to struggle occasionally 
during experimental sessions. On one such occasion, a blood 
sample was drawn immediately after the animal was overtly 
engaging in muscular activity: this lactic acid value was 10.7 
mEq/liter, a level not only markedly higher than the overall 
range observed for this subject (0.4—4.1 mEq/liter), but also 
markedly higher than the range observed for all other sub- 
jects (0.2-4.1 mEq/liter). 

To further examine the relationship between lactic acid 
and cardiovascular measures, Pearson r correiation coeffi- 
cients were calculated for change (A) scores for each subject 
across all determinations. The within-subject correlation be- 
tween change in lactic acid and change in heart rate and 
blood pressure was high and consistent among trained sub- 
jects. The average within-subject Pearson r was .65 (range 
.46—.80) for A diastolic blood pressure and A lactic acid, and 
.89 (.14-.98) for A heart rate and A lactic acid. In order to 
provide a more reliable estimate of the population correla- 
tion coefficient, each subject’s r was transformed to az value 
and then averaged [37]. A f-test of the average within- 
subject correlations (z values) determined that they were 
significantly different from zero, t=7.70; p<0.01 for the A 
diastolic blood pressure with A lactic acid, and 1=5.56; 
p<0.01 for A heart rate and A lactic acid). 
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FIG. 1. Average plasma lactic acid levels and diastolic blood pressure for five trained, and three naive baboon subjects (one subject served in 
both conditions, see text) during periods of resting (baseline) and during periods of operantly conditioned increases in diastolic pressure. Each 
data point represents the average of 2-6 determinations at three times (9:30 AM, 12:30 PM, and 3:00 PM) during the day. The solid function 
indicates the grand mean of each group of data points. ‘‘Session On" indicates the noon time onset of the 12-hour conditioning session for 


trained subjects. 


DISCUSSION 


Plasma lactic acid levels in the baboon were examined 
during baseline, and during periods of conditioned blood 
pressure elevations. The levels of plasma lactate found in the 
present study compare closely with those reported by Phil- 
lips, Nicolalde and Wolfson [33]. These investigators found 
mean values of 0.87 mEq/liter with a range of 0.18-1.72 
mEgq/liter in arterial blood samples of anesthetized male ba- 
boons. 

The mean resting lactic acid levels of the baboon subjects 
(0.38-1.11 mEq/liter) also compare closely with resting 


levels reported for humans (0.55 mEq/liter [11]; 1.0-1.6 
mEq/liter [22]; 0.83 mEq/liter [43]). Data from human exer- 
cise studies show lactic acid levels to range between 4-22 
mEg/liter during heavy muscle exertion [11, 21, 29, 39], 
levels which are higher than the range observed for ba- 
boons trained to elevate their blood pressure (average levels 
ranged between 0.90-1.84 mEq/liter). The one relatively high 
value (10.7 mEq/liter) obtained in this study was from a ba- 
boon subject after an instance of gross muscular activity. 
Interestingly, while lactic acid levels did not differ signifi- 
cantly between trained and naive subjects at 12:30 p.m., '/2 
hour after the experimental session had begun, there was a 
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significant difference later at the 3 p.m. determination. In our 
previous work, we have observed that other physiological 
indices such as catecholamines [16], cardiac output [3], and 
heart rate [18,20] vary as a function of time during the 12-hour 
conditioning session. The present data further support the 
appropriateness of multiple time samples in the evaluation of 
this model. 

Our results showed that lactic acid levels increase from 
morning to afternoon in both naive and trained subjects, 
suggesting some metabolic adjustments over the same time 
period. The changes in lactic acid related to the blood pres- 
sure conditioning procedure were significant for within- 
subject comparisons (conditioning on vs conditioning off) 
and for across-group (naive vs trained) comparisons. 

During conditioning sessions, visual observations of these 
chair restrained animals often revealed the head and upper 
torso extended backwards, with the animal in a static 
posture not inconsistent with the performance of isometric 
exercise involving ‘‘straining’’ against the chair. In this 
regard, sustained static work has been shown to be associ- 
ated with increased blood pressure in both rhesus [6] and 
squirrel monkeys [25], as well as man [7]. 

Although changes in plasma lactate are often ascribed to 
increased muscle activity, interpretive caution should be 
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exercised. The reasons for increased blood lactate can not be 
determined from the present data alone. Changes in plasma 
lactate can, for example, result from physiological changes 
other than increased muscle lactate production and may also 
occur under aerobic conditions. Included among the varia- 
bles affecting levels of plasma lactate are muscle lactate re- 
lease, lactate distribution and lactate elimination processes as 
well as the extent of substrate availability [36]. Furthermore 
it has been shown that: (1) lactate can be responsive to 
hyperventilation independent of muscular activity [23]; and, 
(2) the parameters of the work-rest cycle for muscular activ- 
ity are important determiners of blood lactate. Under some 
conditions (e.g., 10 sec work alternating with 5 sec rest), 
large workloads can be performed for extended periods with 
only modest elevations in lactate [1]. Despite these cautions, 
however, plasma lactate levels do often reflect muscle activ- 
ity and some anaerobic metabolism, and are used routinely 
in the evaluation of work and exercise protocols [35]. 

One interesting suggestion [5] on the cardiovascular rela- 
tionship between plasma lactate and muscle focuses upon 
the contractile activity of smooth muscle interacting with re- 
duced oxygen supply to other tissue beds as a result of pro- 
longed peripheral vasoconstriction. An increased demand 
for oxygen due to increased skeletal muscle activity coupled 
with a reduced oxygen supply due to peripheral vas- 
oconstriction would be especially potent as a stimulus for 
anaerobic metabolism and increased lactate production. 
That peripheral vasoconstriction and increased peripheral 
resistance may be involved in these conditioned blood pres- 
sure elevations is suggested by some previous determina- 
tions of cardiac output [3], examination of concurrent heart 
rate changes [20], and the data provided by Messerli er al. 
[30] on the hemodynamic changes accompanying the ex- 
teroceptive biofeedback control of blood pressure in hu- 
mans. 

To the extent that increased blood lactate does reflect 
increased skeletal muscle activity these data are pertinent to 
the continuing interest in the role of muscle activity during 
operant cardiovascular conditioning [13,32]. Changes in 
muscle activity have often been shown to be closely related 
to changes in both heart rate and blood pressure [7,25]. Gen- 
erally, in studies examining somatic-cardiac interactions 
[8,12], muscle activity has been assessed by EMG, a meas- 
ure whose usefulness would appear to depend upon the ap- 
propriate selection of muscle groups from which to record. 

With regard to operantly conditioned blood pressure 
changes, somatic mediation has been examined in situations 
employing humans [4, 8, 26], and, in general, somatic medi- 
ation of blood pressure increases has not been found. For 
example, when patients who were hypotensive because of 
spinal injuries were operantly trained to increase their blood 
pressure, there were no indications (from electromyographic 
recordings) of increased skeletal muscle activity [4,31]. 

Muscle activity as a concomitant of the conditioned car- 
diovascular changes may be related to the contribution of 
sympathetic nervous system activity previously reported as 
involved in these physiologic changes [12]. In this regard, it 
was also determined that norepinephrine significantly in- 
creases during periods of conditioned blood pressure eleva- 
tions [14], and that the sensitivity of the baroreflex is also 
changed [13]. 

Overall therefore, the evidence gathered in the investiga- 
tions of the physiological events related to the operant con- 
ditioning of blood pressure increases points to changes in 
several systems that would both permit and support the 
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conditioned blood pressure elevations, rather than indicating 
a large change in just one blood pressure regulating param- 
eter. The contribution of changes in multiple systems as op- 
posed to one single determiner in this process is not only 
plausible but would seem to be more readily accomplished 
than processes involving fewer but more extreme 
physiologic modulations. 

In summary, the data show that plasma lactate levels in 
baboons are similar to those found in humans, and that 
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metabolic changes possibly related to muscle activity 
(skeletal and/or vascular) may be part of concurrent changes 
in multiple systems (e.g., hormonal, neural) which accom- 
pany operantly conditioned blood pressure elevations. 
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MORIN, L. P. AND L. A. CUMMINGS. Splitting of wheelrunning rhythms by castrated or steroid treated male and 
female hamsters. PHYSIOL. BEHAV. 29(4) 665-675, 1982.—Male and female hamsters, with or without gonadal hor- 
mones, were housed in constant light (LL) while wheel running rhythms were recorded. Estradiol benzoate (EB) in Silastic 
capsules reduced rhythm desynchronies, such as splitting, in ovariectomized animals compared to blank implanted con- 
trols. In males, there were no significant effects of testosterone or EB in Silastic implants, castration or sham operation on 
incidence of rhythm desynchronies. Males generated split rhythms which differed from females in clarity and the angle at 
which the limbs of the splitting rhythms diverged. Other differences were (a) greater activity onset variability for castrated 
females with relatively little onset variability for other groups and (b) more running time by EB treated males than any other 
group. Splitting for all animals occurred with an average latency in LL of 55+3 days; the period stabilized in 12+1 days and 
was 0.2 hr shorter in length. The two limbs of the split rhythm were a mean 181+5° apart. Induction of splitting by LL is 
critically discussed with special reference to the two oscillator model of hamster activity and existing evidence for more 


than two oscillations in wheelrunning activity. 
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THE circadian rhythm system which regulates temporal 
characteristics of running by female hamsters and rats can be 
modulated by estradiol [1, 12, 15, 28]. Both entrained and 
freerunning animals showing estrous cycles have a phase 
advance of locomotor activity on estrous cycle days when 
estradiol levels are highest. Ovariectomized animals in con- 
stant lighting conditions respond to estradiol implantation 
with a decrease in period of the running rhythm. Estradiol 
also appears to provide a constraint on the likelihood of 
rhythm desynchronization in female hamsters. In constant 
moderate intensity illumination (LL), blank or progesterone 
implanted ovariectomized hamsters had a considerably 
greater number of rhythm anomalies, such as ‘‘splitting,”’ 
than did estradiol implanted animals [12]. 

Splitting has been hypothesized to occur when two en- 
dogenous oscillators timing locomotor behavior lose their 
stable, phase-locked relationship and temporarily assume 
more-or-less independent frequencies. The two oscillators 
are thought to be associated with observed evening and 
morning bursts of running and have been designated the **E”’ 
and ‘‘M”’ oscillations, respectively [3, 16, 17]. In a typical 
description of splitting, the ‘*‘M’’ running oscillation assumes 
a higher frequency and pictorially ‘‘crosses’’ the lower fre- 
quency ‘‘E”’ running oscillation. The two running rhythms 
then diverge until phased about 180° apart, an achievement 





which usually imparts stability to the oscillatory system. The 
‘**E”’ and *‘M”’ oscillations again become phase-locked with 
a mutual frequency higher than that prior to the split. 

In fact, the occurrence of splitting is probably more com- 
plex than as described above. It is usually extremely difficult 
to stipulate from visual interpretations of running records, 
whether or not ‘‘E’’ or ‘‘M”’ oscillations in fact *‘cross’’ to 
yield the split condition [12]. Furthermore, recent evidence 
strongly suggests that more than two oscillators are involved 
in running pattern generation [5, 12, 13]. Therefore, one goal 
of the present study was to determine the general conformity 
of split running patterns to the classic description of splitting. 

The topic of sex differences in circadian rhythmicity has 
received little direct attention, although the literature on 
sexual differentiation of ovulation capacity has addressed 
the problem. Existing data from rats and hamsters support 
the suggestion that a critical function of perinatal androgen is 
to block responsiveness to circadian rhythm-based neuroen- 
docrine information necessary for ovulatory gonadotropin 
release (see [7] for references and discussion). Similarly, 
female rats may show day-night differences in intensity of 
estradiol induced lordosis behaviors, a rhythmic response 
which is not evident in male rats [9]. The ovulation and sex- 
ual behavior data are derived from experiments suffering 
from a significant methodological constraint in that they 
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PROPORTIONS OF HAMSTERS SHOWING ANOMALOUS AND SPLIT WHEELRUNNING 
RHYTHMICITY ACCORDING TO HORMONAL TREATMENT 
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13 
.69* (9) 
57 (8) 


13 
54% (7) 
.46 (6) 
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.36 (4) 
.36 (4) 


16 
.25 (4) 
.25 (4) 


14 
644 (9) 
.64¢ (9) 


11 
.36 (4) 
.36 (4) 





*Split animals plus one which showed rhythm disintegration into ultradian components 


(Fig. 5). 


+Split animals plus one which showed a strong A component advancing across the 
subjective daytime, inducing a 1 hr phase advance in the C component, but no split or 


lasting change in the circadian period. 


tDiffers from ovariectomized + EB (p<0.04, Fisher’s exact test). 


were designed to test for the presence or absence of a re- 
sponse to an hypothesized circadian rhythm rather than ex- 
amining the frequency of the rhythm per se. Therefore, it has 
not yet been possible to state that there are truly sex differ- 
ences in regulation of ovulation or rhythmic sexual behavior 
response to estradiol. 

Wheelrunning, which is presumed to reflect a fairly direct 
expression of neural rhythmicity, has become useful as a 
continuously recorded index of reproductive function mod- 
ulated by circadian rhythms [7,15] and, recently, of sex 
differences in the circadian rhythm response to hormones. 
Estradiol was unable to shorten the circadian period of wheel 
running by adult-castrated male hamsters. Nor has that hor- 
mone been able to affect the periodicity of neonatally 
androgenized adult-castrated female hamsters [28]. The re- 
sponsiveness of the hamster circadian rhythm system to es- 
tradiol appears to be sexually dimorphic and dependent upon 
hormonally induced differentiation during the neonatal 
period. Similar results have been obtained with rats [1]. 
While both sexes are able to generate a circadian rhythm 
with or without the gonads, some characteristic of the organ- 
ization of the rhythm generating system in female hamsters 
or rats seems to be fundamentally different from that of 
males. 

Therefore, this study also looked for sex differences in 
the multioscillator-derived wheelrunning rhythm of adult 
male and female hamsters with or without gonadal hormones 
especially with regard to the effects of gonadal hormones on 
the incidence of rhythm anomalies, such as “‘splitting.”’ 


METHOD 


Adult hamsters weighing 90-100 g were purchased from 
the Lakeview Hamster Colony (Newfield, NJ) and were ini- 
tially housed for at least one month under a fluorescent 14 
light: 10 dark cycle (lights on at 0600 EST). Tap water and 
rodent food (Charles River rat, mouse, hamster formula) 
were available at all phases of the experiment. Approx- 
imately 20 days prior to the experiment, each animal was 
anesthetized with sodium pentobarbital (Nembutal; Abbott, 
80 mg/kg) and subjected to surgical castration or a sham 
operation. During the procedure, each animal received a 


subcutaneous capsule made of Silastic tubing (Dow-Corning; 
1.56 mm i.d. x 3.15 mm o.d.) sealed with Silastic adhesive, 
Type A (Dow-Corning). The following groups were created: 
males—sham operated plus blank (N=14), castrated plus 
blank (N=12), castrated plus testosterone (T; N=11), cas- 
trated plus estradiol benzoate (EB; N=11); females— 
castrated plus blank (N=15), castrated plus EB (N=16). 
Blank capsules were 50 mm long; T capsules were 35 mm 
functional length (between the silicone plugs); half of the EB 
implanted animals received 5 mm functional length capsules 
and half received 20 mm capsules. There were no differences 
between the 5 and 20 mm groups with respect to their effects 
on rhythm splitting and the results were combined. The 5 
mm length has been used previously to block splitting [12] 
and to shorten the circadian period of female, but not male 
hamsters [15,28]. The 5 mm capsule length would probably 
maintain serum estradiol levels within the range found at the 
time of sexual receptivity onset during the estrous cycle [2]. 

About 10 days after surgery, each animal was placed in a 
48x27x20 cm polypropylene cage containing a running 
wheel. Ten days later, all animals were placed in constant 
fluorescent light (LL) and running data was obtained by a 
standard event recorder. Event records for 135 days were 
pasted day below preceding day on a chart for visual 
analysis. Brightest light intensities measured facing the light 
source | cm inside each cage ranged from 5.2 to 30.2 uw 
watts/cm*; the mean was 14.7+0.1 yu watts/cm* (about 60 
lux). 

Estimates of the circadian periods were made by measur- 
ing the angle of a line visually fitted through the onsets of 
activity and converting the results to hours [27]. Data were 
also transferred from the pasted charts to a computer by 
using a Tektronix 4954 Graphics Tablet to trace the duration 
of running bouts across each consecutive 24 hr period during 
a 10-15 day segment of data. This procedure limited the 
resolution of data to about | revolution per minute, but en- 
abled the use of several numerical analysis procedures. 

A periodogram [22] and a power spectrum program [19] 
were used to aid visual interpretation of the data. Each 
method of estimating periodicity served to check the relia- 
bility of the others. Statements about periodicity of any 
animal were derived from the application of both visual and 
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FIG. 1. Wheelrunning record of a testosterone treated male hamster. The chart was created by pasting each 24 hr segment 
record day below preceding day. The original chart has been photographically doubled to aid data visualization. A and C 
indicate the ‘‘abrupt advancing”’ and ‘‘continuing’’ limbs of the split, respectively. See text for further details. 


numerical methods. A computer program designed to esti- 
mate running onset variability by generating a standard error 
of the estimate (SEE) and to calculate the number of running 
minutes per circadian day was also employed (see [13] for 
more detail). 


RESULTS 


Among ovariectomized blank implanted female hamsters 
exposed to LL, 67% displayed patterns of running rhythmic- 


ity that were desynchronous. This differed significantly from 
castrated EB implanted female behavior (Table 1; 9/14 vs 
4/16, p<0.04, Fisher’s exact test). Across the groups of 
males, no treatment produced any significant difference in 
rhythm desynchrony incidence relative to any other group. 
In particular, gonadally intact animals had an incidence of 
rhythm desynchrony similar to that of castrated males. 
Splitting (Fig. 1) was initiated about 55+3 days 
(mean+SEM; range=23-91 days) after introduction to LL. 
The split condition was fully achieved about 12+1 days later 
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FIG. 2. Wheelrunning record of a sham operated, blank implanted male hamster. The origin of the A limb could not be 


ascertained. See Fig. 1 and text for further details. 


(range =4-33 days). As splitting occurred, the running record 
often showed temporary divergence as two ‘‘limbs’’ of the 
oscillating pattern attained different circadian periods. Using 
previous terminology [3], Fig. 2 shows splitting by an animal 
for which there is minimal evidence that ‘‘crossing’’ of E and 
M oscillators was involved. Rather, running abruptly ap- 
peared at a new stable temporal location. There is no way of 
knowing whether the two resultant oscillations represent the 
E or M oscillations or something entirely different. 

Figure 3 provides the clearest indication of the hypoth- 
esized ‘‘E”’ and ‘*‘M”’ oscillations prior to splitting. How- 


ever, when the split occurred the higher frequency compo- 
nent appeared to be derived from the **E”’ oscillation with no 
crossing of the limbs. 

Any labelling of the split oscillations must be somewhat 
arbitrary. The oscillations were here designated the ‘‘abrupt 
advancing’’ (A) and the ‘*‘continuing’’ (C) limbs of the split- 
ting running record. The labels are generally descriptive: A is 
characterized by temporarily higher frequency and C by 
transient conservation of the prior tau, gradually increasing 
frequency to match that of A in the antiphase position. An 
example is shown in Fig. 4 in which multiple sources of 
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FIG. 3. Wheelrunning record of a sham operated, blank implanted male hamster. See Fig. 1 and text for further details. 


oscillatory input contributed to the running picture at the 
time of splitting. An abrupt advance component (A) ap- 
peared to merge with a gradual delay component (C), but 
there was also an additional gradual component (B) at the 
time of splitting. Periodogram analysis of the 24 days en- 
compassing the split appearance revealed significant oscilla- 
tory components with periods of 12.4, 23.6 and 24.2 hr 
(p<0.001, 0.001 and 0.01, respectively). This was one of sev- 
eral animals with visual and periodogram evidence for more 
than two different frequencies at the time of splitting. The 
most extreme case is evident in Fig. 5. The period of activity 


offset lengthened faster than the onset, until a typical dis- 
tinction between the “‘active’’ and “‘rest’’ phases of the 
animal’s circadian day could no longer be made. Power spec- 
trum and periodogram analysis revealed three ultradian 
rhythms with periods of 3.8, 4.7 and 5.5 hr (p<0.01, 0.05 and 
0.01, respectively) and low amplitude, but significant, circa- 
dian range rhythmicity at 23.7, 24.0 and 24.3 hr (p<0.001, 
0.02 and 0.05, respectively). 

Using the A and C designations, the phase angle differ- 
ence measured from A to C was obtained using about 20 days 
of stable split data. A straight edge was positioned along the 
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FIG. 4. Wheelrunning record of a sham operated, blank implanted male hamster. B denotes *‘extra’’ rhythm running which 
eventually merges with that of the A limb. See Fig. 1 and text for further details. 


eyed onset of activity associated with each oscillation, the 
difference measured in millimeters and converted to degrees. 
Using this method and oscillation designation criteria, phase 
angle differences were reliably measurable for 25 animals 
yielding a mean 181+5°. Three animals deviated from the 
mean by about two or more standard deviations: 121, 226 
and 229°. Phase angle differences were not obtained from six 
other animals which showed clear splitting because the 
labels A and C could not be reasonably applied to the split- 
ting system. 

Figures 1-5 illustrate various patterns of male running. It 


appears not to be chance that the clearest figures, and those 
chosen for presentation, tend to be obtained from males. 
This was documented by rating the clarity of the split of each 
animal as it occurred (0-5 scale) and after it stabilized (0-5 
scale) and summing the scores (the score represents the 
mean of judgments made by two independent observers). A 
comparison of all females versus all males revealed a strong 
qualitative difference in favor of the males (mean 
score=6.6+0.5 vs 3.7+0.7 for males vs females; #(31)=3.35, 
p<0.003). Figure 6 illustrates a split by a female which has an 
origin and stable solution which are both poorly resolved 
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FIG. 5. Running record of a sham operated, blank implanted male hamster. The A and C notation is inadequate for this 


animal. See Fig. 1 and text for further details. 


(rating: 1+1=2). As contrasting examples, Fig. 1 was rated 
3.5+4=7.5; Fig. 2 was rated 0+5=5; Fig. 3 was rated 5+4=9 
and Fig. 4 was rated 3.5+5=9.5. When castrated females 
were compared to castrated males, the sex difference also 
was clear (mean score=5.8+0.6 vs 3.6+0.6, respectively; 
t(12)=2.44, p<0.03). This difference between males and 
females may be related to the observed difference in the 
‘*separation angle’’ (the angle at which the limbs diverge) 
between the splitting limbs of running activity. Among those 
split animals for which it was possible to measure (N =29/35; 


by two independent observers) the separation angle, the A 
limb of males, regardless of hormonal condition, diverged 
from the C limb at a mean angle of 72+5° compared with 
96+6° for females, t(27)=3.22, p<0.004. For this measure, 
castrated males did not differ from castrated females (mean 
angle =89+6 vs 97+6°, respectively). 

The running records from non-splitting animals were 
analyzed for oscillations occurring in the circadian activity 
(alpha) phase [5,13]. The quality of such oscillations was 
rated blind on scale of 0 to 5 according to visual clarity and 
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FIG. 6. Running record of a castrated, blank implanted female hamster. See Fig. 1 and text for further details. 


persistence across days. High frequency crossing [13] was 
observed in 22/41 animals; the average quality score of those 
22 animals was 2.4+0.2. Therefore, the general observation 
was that such oscillations were weak or nonexistent. Fewer 
males had high frequency crossing than did females, but the 
difference ‘was not significant (10/25=40% vs 12/16=75%; 
p<0.1, x? test). In only two animals (a BK female and a T 
male) was there evidence for a slowly drifting rhythmic com- 
ponent within alpha. 

Collectively, the mean circadian period of all animals be- 
fore splitting was 24.34 hr. Figure 7 shows the period accord- 


ing to treatment; there were no significant differences be- 
tween groups. Prior to splitting, the rhythm period of subse- 
quently split animals differed from that of animals which did 
not split (tau=24.41+0.04 vs 24.31+0.03 hr, respectively, 
t(75)=2.82, p<0.006). Each group, except that of the intact 
males, had a shorter mean tau for animals which failed to 
split compared to those that did split. There was no signifi- 
cant correlation between period and splitting latency or be- 
tween period and total running time obtained across the days 
for which period was measured. The period was shorter for 
all but two animals after splitting (mean=24.11+0.02 hr). 
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FIG. 7. Mean standard error of the estimate (SEE), daily running time and circadian period according 
to treatment group. SEE (open bars): *p<0.09 vs castrated testosterone males; p<0.025 vs all other 
groups. Running time (hatched bars): **p<0.07 vs intact-blank males; p<0.04 vs all other groups. 
Circadian period (black bars): there were no significant differences according to treatment. 


Probabilities are from 2-tailed f-tests. 


There were no differences between any treatment groups 
with respect to period after splitting. 

An index of activity onset precision during weeks 3—5 was 
calculated for each group. The results of this index, the SEE, 
are shown in Fig. 7. The only treatment associated with a 
high level of erratic activity onset was gonadectomy plus a 
blank implant in females. The SEE was low for all other 
groups. 

The number of minutes spent running per average day 
prior to splitting is also shown in Fig. 7. The group of cas- 
trated male hamsters implanted with EB averaged signifi- 
cantly more running minutes per day than all other groups 
(p<0.04 for each comparison except vs the intact-blank 
group; p<0.07 in that case). EB implanted females did not 
differ from blank implanted females. 


DISCUSSION 


**Splitting’’ of the circadian locomotor rhythm occurred 
in about 43% of all females and 47% of all males. As has been 
reported previously [12], EB reduced the incidence of split- 
ting in castrated females, but neither exogenous EB, exoge- 
nous testosterone, nor endogenous androgens were similarly 
effective in males. Previous experience with male hamsters 
housed in the same facility for about four months under vir- 
tually identical conditions had shown that testes remain un- 
changed and functionally mature during that time. The tes- 
tosterone capsules used in the present experiment provide a 
level of serum androgen approximately equivalent to that in 
gonadally intact animals [14]. Thus, the tendency (not statis- 
tically significant relative to the male castrate group) of the T 
and EB treated male groups to have lower likelihood of 
rhythm splitting appears to be a chance phenomenon. 

The ability to make strong inferences that hormones can 
modify the incidence of LL-induced rhythm anomalies is 
necessarily limited by two factors. First, under the most 
favorable circumstances, splitting occurs only in 60-70% of 
the animals and, second, hormones (as represented by es- 


tradiol) have not been effective in blocking rhythm 
anomalies in all animals (present data and [12]). Thus, the 
possibility exists that larger groups of males would have re- 
vealed a significant blocking effect by one or another exoge- 
nous hormone. Nevertheless, the present results replicate an 
earlier observation that EB implants tend to block splitting in 
females [12] and further support the idea that the circadian 
rhythm system is sexually differentiated in its response to 
estradiol [1,28]. 

Among split animals, two other apparent sex differences 
were also noted. When splitting occurred, the running limb 
labelled A (abrupt advancing) diverged from the C (continu- 
ing) limb more slowly for males than for females. The slower 
divergence rate indicates a lower oscillation frequency for 
that splitting limb, thus implying that the separation angle 
reflects a property of the oscillatory system. Secondly, 
males tended to produce clearer rhythm splitting and clearer 
new 180° phase-locked patterns than did females. Whether 
either of the above differences relate in a significant way to 
the ability of estradiol to alter female rhythmic activities is 
not known. 

A measure of running onset variability (the SEE) was 
greatest among the blank, ovariectomized animals which had 
a 62% splitting incidence. In contrast, the Sham males had a 
normal SEE, but also split in 64% of the cases. This suggests 
that erratic running onset is not related to the propensity to 
split. What was unexpected from these data was the low 
SEE of blank, castrated males. Under conditions of short 
photoperiod or DD, a large amount of running onset varia- 
bility has been associated with lack of endogenous or exoge- 
nous testosterone [6,13]. 

EB induction of increased locomotor activity also seems 
unrelated to the incidence of splitting. Among males, EB 
markedly increased daily running time, but had no significant 
effect among females. This contrasts with the apparent abil- 
ity of EB to reduce splitting in females, but not in males. 

The observation that estradiol minimally affects running 
time by females is consistent with its ambiguous effects on 
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wheel revolutions by blind, ovariectomized female hamsters 
[15], but at variance with a different measure of temporal 
distribution of wheelrunning by estradiol-treated ovariec- 
tomized hamsters housed under LD conditions [25]. Of 
greater interest was the unexpectedly large effect of EB on 
castrated male hamsters. Estradiol does not alter the period 
of wheelrunning by male or androgenized female hamsters 
[28]. However, estradiol is a much more effective activator 
of male rat wheelrunning than is testosterone [18]. 
Moreover, for some behaviors, males can apparently be 
more responsive to estradiol than females (e.g., promotion of 
aggression by Rockland-Swiss mice [20,21] or facilitation of 
certain feminine sexual behaviors by hamsters [24)). 

The criteria for rhythm desynchrony specifically ex- 
cluded evidence of high or low frequency oscillations de- 
monstrable within alpha, the locomotor activity phase. 
These were accepted as desynchronies by an earlier study 
[12], but now appear to be qualitatively different from events 
such as splitting. High frequency crossing [13] was com- 
monly observed, but not clearly or persistently. More impor- 
tantly, it occurred in 54% of non-splitting animals. We have 
concluded elsewhere [13] that visualization of this type of 
rhythmical behavior and slower intra-alpha oscillations 
[5,13] can be facilitated by castration, but may otherwise be 
present with visualization obscured by dense locomotor ac- 
tivity. It is likely that the present failure to observe other 
types of within-alpha oscillations was related to the LL pho- 
tic conditions. The slowly drifting rhythmical components 
have been reported only from hamsters not exposed to light 
and in which splitting never occurred (castrated males in DD 
[13] or blind males and females of unspecified gonadal con- 
dition [5]). In mature DD-housed males, endogenous or ex- 
ogenous testosterone generally, but not always, results in an 
apparent loss of the intra-activity phase oscillations [13]. 

The present investigation represents the most extensive 
survey of the splitting phenomenon to date. Previously, 
splitting has been described as being derived from circadian 
range ‘‘E’’ and *‘M”’ oscillators which differ (the difference 
being called ‘‘detuning’’) too greatly in frequency and/or in 
the degree of coupling between the two proposed oscillators 
[3]. A mathematical model based upon such a two oscillator 
system displays many of the properties observable from cir- 
cadian rhythm analysis of several species [3,17]. However, a 
two oscillator model is not adequate to fully account for the 
rhythmic events observed in hamsters under a variety of 
lighting and hormonal conditions. In particular, the present 
and other data [5, 10, 12, 13, 23] provide clear evidence for 
three or more oscillations in split or unsplit rhythms of male 
or female rodents. 
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Moreover, the specific description of splitting provided 
by earlier reports [3, 16, 17] cannot be reliably confirmed. 
We have employed the A and C designations to refer to the 
advancing and continuing limbs of the split record, respec- 
tively. Using this terminology, we are unable to confidently 
determine for any animal that the A limb is derived from the 
hypothesized *‘M”’ oscillation. Figure 1 represents a fairly 
typical case in which the activity phase prior to the split is 
lengthy; the C limb appears to be derived from the **E” 
activity and the A limb may be related to a higher frequency 
‘*M”’ oscillator. However, also evident is additional activity 
(B), paralleling the C limb, which, by extrapolation, becomes 
continuous with the phase-locked position of the A limb. 
That ‘‘extra’’ activity leading to the stable A limb position 
was observed in 15 aminals (e.g., Fig. 4), suggesting that the 
phase locked position of the A limb itself may be the product 
of two or more oscillatory events. Other record types also 
support the argument against the *‘E’’ and *‘M”’ oscillator 
model. Figure 2 represents one of several animals for which 
the A limb suddenly appears with no obvious antecedent 
phase. In contrast, Fig. 3 illustrates one of two animals for 
which the A limb seems to be derived from the presumed 
‘*E” activity and the C limb from the **M”’ activity. Finally, 
in Fig. 5, the circadian pattern of locomotion devolves into an 
ultradian pattern of running. Because the ultradian rhythm 
pattern was apparently derived somewhat gradually from a 
disintegrating circadian rhythm, it is probable that the ultra- 
dian pattern represents desynchronized, only slightly 
coupled, groups of circadian-range oscillators. 

By reversing this logic, therefore, we suggest that the 
circadian pattern of running, which is usually represented by 
a series of activity bouts comprising the activity phase, is 
actually the result of multiple, closely phased and coupled 
circadian range oscillations. The record in Fig. 5 supports 
the concept that each individual running bout is timed by its 
own oscillator. Similar records have been generated by 
testosterone-treated starlings [8], pinealectomized, DD- 
housed sparrows [11], suprachiasmatic lesioned rats [4] and 
LL-housed hamsters [16]. The occurrence of splitting seems 
to be more complex than previously described. The best 
model is likely to be similar to those of Winfree [26,27] who 
generated stable or splitting rhythms from a great number of 
loosely coupled oscillators. 
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SCHAEFFER, Cu. AND CL. ARON. Facilitory effects of male urine on feminine behavior in the male rat: Androgen- 
dependency. PHYSIOL. BEHAV. 29(4) 677-680, 1982.—Feminine behavior in the male rat can be enhanced by exposing 
ORCH animals primed with estradiol benzoate and progesterone to the odor of urine collected from intact male adult 
congeners [20]. The present study provides evidence that this pheromonal effect is androgen dependent. A higher propor- 
tion of ORCH feminized rats displayed lordosis behavior following exposure to the odor of urine for either intact male rats 
or from ORCH rats supplemented with testosterone propionate than did ORCH feminized rats exposed to the odor of urine 


originating from non injected ORCH males. 


Feminine behavior, male rat Odor of male urine 


IT is well known that male rats castrated as adults may be 
mounted by other males and display lordosis responses fol- 
lowing estrogen [7, 8, 9, 16, 21] or estrogen and progesterone 
[22] treatment. In a recent study [19,20] we reported that the 
odor of male urine collected from intact adult male rats was 
capable of facilitating lordosis behavior in male rats orchidec- 
tomized in adulthood and primed with estradiol benzoate and 
progesterone. The question then arose as to whether this 
pheromonal effect of urine was dependent on androgens. 
Another point also deserved attention. The display of solicit- 
ing behavior in feminized rats deprived of the effects of 
androgens neonatally is still a matter of dispute. Soliciting 
was reported by Grady et al. [13], Feder and Whalen [11], 
McEwen et al. [17]. It was not observed by others [12,14]. 
Very recently, Fadem and Barfield [10] demonstrated that 
androgen present neonatally blocked proceptive as well as 
lordosis behavior in intact adult male rats primed with estro- 
gen and progesterone. It then seemed of interest to deter- 
mine whether soliciting behavior could be observed in our 
experimental model and to study a possible influence of ol- 
factory cues on this aspect of feminine behavior in the male 
rat. 


METHOD 


Animals 


We used young unexperienced adult male rats bred in our 
colony (strain WI). They were exposed to the normal rhythm 
of natural lighting at a temperature of 22-24°C. They re- 
ceived a commercial laboratory food and water ad lib. 


Procedure 


Male rats were castrated at 2 to 3 months of age. The 
orchidectomized (ORCH) animals were housed in groups of 


Androgen-dependency 


six or nine in concrete cages measuring 403527 and 
40x 54x36 cm, respectively. They were placed on a grid 10 
cm above the floor of the cage, this preventing them from 
licking their litter. Following a postoperative recovery 
period of 5 to 6 days they were injected with 75 ug estradiol 
benzoate (EB) in 0.5 ml olive oil subcutaneously (SC) at 
19:00. One mg progesterone (P) was given SC 2 days later at 
10:00. The ORCH animals were then exposed for 8:30 hours 
to bedding soiled by 5 ml urine collected over night from (1) 
intact male adult donor (INT. DON.) congeners 4 to 6 
months of age, (2) ORCH donor rats (ORCH. DON.) of the 
same age which had been operated 1, 2 or 3 months earlier, 
respectively, (3) four month old ORCH donor rats given | mg 
testosterone propionate (ORCH. TESTO. DON.) daily for 
14 days from the day after surgery. The feminine behavior of 
the ORCH animals exposed to the odor of urine was tested 
between 18:30 and 20:30. 


Behavioral Tests 


Feminine behavior, that means lordosis behavior of the 
feminized ORCH rats was tested for 10 min in a Plexiglas 
observation arena by placing them with two intact adult sex- 
ually vigorous ‘“‘stimulus’’ congeners. Previous work 
showed that, within a period of 10 min, the feminized ORCH 
rats were mounted on a average of more than 10 times by the 
stimulus male. Prior to use the stimulus males were tested 
for 10 min with highly receptive ovariectomized estrogen- 
progesterone primed females. Only the males which were 
shown to be fully sexually active on late afternoon were then 
selected. A 5-min period of adaptation of the stimulus male 
in the mating arena was allowed prior to introduction of the 
feminized ORCH rats. In accordance with previous behav- 
ioral studies performed with female rats of our colony [1,2] 
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TABLE | 


DISPLAY OF FEMININE BEHAVIOR IN ORCHIDECTOMIZED RATS PRIMED WITH 75 ng SC ESTRADIOL BENZOATE AND 
1 mg (SC) PROGESTERONE AT INTERVAL OF 39 HOURS 





Proportion of 
males displaying 


Treatment lordosis responses* 


Mean LQ + SE 
in males displaying ear 
lordosis responses 


Proceptive behavior 


Mean number of mounts 
displayed by the 
stimulus male 


solicitations wiggling 





Intact male’s urine 19/27 40 + 


Urine from rats 11/26 55 


ORCH for | to 3 months 


Urine from rats ORCH 22/27 
for 1 to 3 months 

and injected with 

1 mg testosterone 

for 14 days 


8.92 1:5 
9.8 + 1.4 


11.4+ 1.1 





Effects of an 8:30 hours exposure, following progesterone injection, to the odor of urine collected from either intact or orchidectomized 


(ORCH) rats. 


*Testing with a vigorous intact male was performed on late afternoon by 8 hr 30 to 10 hr 30 after progesterone injection. 


*+Number of hops and darts. 


two paradigms were used for the evaluation of lordosis be- 
havior in the feminized male rats: (1) The proportion of 
ORCH rats in a given group that showed willingness to mate 
and therefore to display at least one lordosis in response to 
male mounts. This lordosis response consisted in arching the 
back, deviating the tail to one side, exposing the genital re- 
gion and extending the neck. (2) The lordosis quotient (LQ) 
which was computed in each feminized ORCH rat by divid- 
ing the number of lordosis responses by the number of 
mounts and multiplying by 100. The mean LQ was calculated 
for each group of animals and served as a measurement of 
the mating performance. Proceptive behavior was measured 
in terms of solicitations, as expressed by hopping and dart- 
ing, and of ear-wiggling in the ORCH feminized rats. 


Testosterone Radioimmunoassay 


Blood testosterone concentration was measured in 4 to 6 
months old intact male rats and compared to that of ORCH 
rats of the same age which had been operated | to 3 months 
earlier. A4-Androstenedione and testosterone have been 
purified after ether extraction from | ml plasma aliquots by a 
celite column-chromatography using ethylene glycol- 
propylene glycol 50:50 (V:V) as stationary phase and iso- 
octane and iso-octane:ethylacetate 94:6 (V:V) as elution sys- 
tems for these two steroids, respectively. Testosterone has 
been quantified by a radioimmunoassay (Biomérieux). 
Antibodies were obtained against testosterone 3 (0- 
Carboxymethyl) oxime-bovine serum albumin. All testos- 
terone measures were made in duplicate in the same assay. 
Intraassay coefficient was 6%. 


Statistics 

Newman Keuls method following angular transformation 
of the data was used to compare the proportion of feminized 
ORCH rats which displayed lordosis behavior in the differ- 
ent experimental groups. The lordosis quotient and the 
number of mounts displayed by the stimulus males were 


studied using variance analysis. Testosterone values in intact 
male and ORCH. DON. animals were compared using vari- 
ance analysis of a factorial plan (age of animals, day-time of 
blood collection, effects of orchidectomy) following 
logarithmic transformation of the data. 


RESULTS 


Table 1 shows that the proportion of feminized ORCH 
rats with lordosis behavior appeared to be lower after expo- 
sure to urine collected from ORCH rats than following expo- 
sure to urine collected from INT. DON. rats (p<0.01). It also 
reveals that the lordosis behavior of the feminized ORCH 
rats was facilitated by urine collected from ORCH. TESTO. 
DON. rats as compared to the effects of urine provided by 
ORCH. DON. rats (p<0.01). No statistically significant 
differences were observed in the mean LQs calculated in the 
three experimental groups, F(2,49)=2.17, NS. Neither did the 
mean number of mounts displayed by the stimulus males 
differ in these groups of animals, F(2,76)=2.37, NS. No signs 
of proceptive behavior could be detected in any of the 
feminized ORCH rats which exhibited lordosis behavior. 

The results figuring in Table 2 indicate that the level of 
blood testosterone concentration appeared to be signifi- 
cantly lower in ORCH than in intact male rats, 
F(2,58)=457.4, p<0.001, whatever was the time elapsed 
from surgery F(2,58)=1.81. No _ statistically significant 
differences were observed between the testosterone values, 
in the morning and the evening, in intact male rats sacrificed 
at the age of 3 to 6 months. No significant interaction was 
observed between the different experimental factors. 


DISCUSSION 


The present observations clearly indicate that the 
facilitory effects of male urine on lordosis behavior in 
feminized male rats are hormonally dependent. Orchidec- 
tomy completely prevented this action from occurring. 
Androgens may be considered as involved since male urine 





FEMININE BEHAVIOR IN THE MALE RAT 


TABLE 2 


BLOOD TESTOSTERONE CONCENTRATION IN INTACT ADULT MALE RATS AND IN 
RATS ORCHIDECTOMIZED AT THE AGE OF 3 MONTHS 





Testosterone in pg/ml 


Time Intact male rats 
of blood sacrificed at the age of 
collection 
(Day) 


4 months 5 months 


6 months 


Orchidectomized rats 
sacrificed at the age of 
6 months 


4 months 5 months 





08:00 2695 


19:00 1043 + 171 1077 + 345 2477 


1023 1504 + 188 683 


40.3 + 5.2 
37.4 + 5.6 


37.5 + 11.8 
25.8+ 6.2 


251 38 + 8.0 
771 38 + 9.0 





collected from ORCH rats supplemented with testosterone 
was as efficient as urine from intact rats in facilitating lor- 
dosis behavior in ORCH rats primed with estrogens and 
progesterone. In that respect one must be reminded that the 
priming effects which are involved in estrous rhythm regula- 
tion in the rat [3] were shown not to be dependent on the 
hormonal status of the primer animal [6]. A 24 hour cycle 
shortening was observed in 5-day cycle female rats under 
exposure to urine from intact male rats and from ORCH rats 
as well. We are therefore led to admit that different hormonal 
mechanisms are responsible for the control of either the 
priming effects which operate in estrous rhythm regulation 
or the signaling effects which modulate feminine behavior in 
the male rat. 

Another point deserves special attention. As already 
suggested in previous work [20], ORCH feminized rats, 
when caged with males, did not develop a proceptive behav- 
ior comparable to that of estrous females. In the present 
study a complete absence of soliciting behavior and/or ear 
wiggling was noted in the ORCH feminized rats which dis- 
played lordosis behavior in response to male mounts even in 
groups of animals where lordosis behavior appeared to be 
stimulated by exposure to olfactory cues from INT. or 
ORCH. TESTO. DON. rats. This probably accounts for the 
fact that the number of mounts displayed by the stimulus 
males was not influenced by exposing ORCH feminized rats 
to the odor of male urine in our previous [20] as well as in the 
present work. These results were not unexpected on the 
basis of observations [10] which demonstrated that neonatal 
exposure to androgens completely blocked the development 
of proceptive behavior in intact adult male rats treated with 
estrogen and progesterone. One can therefore assume that 
male olfactory cues, which are known to operate as sex at- 
tractant in heterosexual interaction in the rat [4,5] do not 
appear to be capable of influencing proceptive behavior in 
ORCH feminized rats. Neither did olfactory cues influence 


the mating performance in ORCH feminized rats whether 
they were exposed or not to urine for either intact male or 
ORCH rats. This result is consistent with our previous ob- 
servations. While olfactory bulb deprivation was shown to 
enhance LQ in ORCH feminized rats, no inhibitory effect 
was observed by exposing non bulbectomized ORCH 
feminized rats to the odor of urine from intact male congen- 
ers [20]. Urine cannot then be considered as a source for the 
substances involved in the olfactory control of LQ. 

The failure of urine originating from ORCH rats to exert 
pheromonal effects certainly results from disappearance of 
circulating androgens. A very significant decrease in blood 
testosterone was observed in rats ORCH for | to 3 months, 
whatever was the time elapsed from surgery, as compared to 
unoperated male rats. Moreover unpublished data in our 
laboratory indicate a similar trend in blood dihydrotestoster- 
one and androstenedione concentrations in the ORCH 
animals. Although not within the scope of this work it is 
worth noting rat testosterone values did not statistically dif- 
fer in blood samples collected on the morning and in the 
afternoon in both unoperated male and ORCH rats. Appar- 
ently these results are not consistent with those which re- 
ported daily rhythmicity of serum testosterone concentration 
in male laboratory rats [15,18]. However our observations 
must be interpreted with caution since they were performed 
under conditions of non-controlled lighting. 
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MIRO, J. L., B. CANGUILHEM, P. SCHMITT AND A. KOCH. Hyperphagia and obesity after olfactory bulbectomy 
performed at different times of the year in the European hamster. PHYSIOL. BEHAV. 29(4) 681-685, 1982.—Olfactory 
bulbectomy was performed on wild male European hamsters at different phases of their circannual body weight rhythm. 
Olfactory bulbectomy was always followed by an immediate hyperphagia the magnitude of which varied with the time of 
the year it was performed. The bulbectomy did not affect the phase of the circannual body weight rhythm, although in 
certain cases the rhythm is attenuated or apparently phase-shifted. Hyperphagia was delayed by food restriction but 
reappeared when animals were placed on ad lib food. The possible role of olfactory bulbs in the regulation of body weight, 
and the possibility that the maintenance expenditure of the bulbectomized animals is higher than that of the controls are 


discussed. 


Body weight Food intake Olfactory bulbs 


European hamster 


Circannual rhythms 





IN previous research, we unexpectedly found that in the 
European hamster (Cricetus cricetus) olfactory bulbectomy 
performed in September was followed by hyperphagia and 
marked obesity [4]. In the European hamster, food intake 
and body weight show a circannual rhythm with high food 
intake and marked fattening from spring until mid-summer and 
low food intake and a weight loss from the beginning of fall to 
mid-winter [1]. Given the existence of such a circannual rhythm 
it was of interest to know: (1) If the olfactory bulbectomy, 
effective in producing hyperphagia when performed at the 
beginning of the weight loss, also can induce hyperphagia 
and obesity whatever the moment of the year it is performed; 
(2) if the magnitude of body weight increase is the same at 
other times of the year; (3) if the body weight increase ap- 
pears even when the bulbectomized animals are refed ad lib 
after a post operative food restriction period which maintains 
their weight at levels similar to that of the controls. 


METHOD 


Male European hamsters were trapped in the spring and 
kept in individual cages in laboratory until surgery, under 
natural light conditions and variable temperature which fol- 
lowed the outdoor variations. Food and water were given ad 
lib except when specified. Animals came from three different 
collections (1975, 1976 and 1977). Comparisons were always 
made between bulbectomized and non _ bulbectomized 





animals within the same trapping. Five groups of animals 
were bulbectomized by aspiration under pentobarbital 
anesthesia (50 mg/kg IP) in January (9 operated animals, 9 
controls), March (6 operated animals, 7 controls), May (6 
operated animals, 8 controls), June (6 operated animals, 7 
controls) and November (8 operated animals, 5 controls). 
We added the data of a September group (6 operated 
animals, 6 controls) from a previous study [4]. All of the 
groups were observed for one year following the operation. 
Because of the time they were trapped the groups operated 
on May and June spent a short period in the laboratory condi- 
tions before the operations, whereas the animals in the March- 
operated group had been in the laboratory for approximately 
one year before the operation. One week after the operation, 
the animals were placed in an experimental room at a constant 
temperature (15°C +1°C), LD 12:12, 150-0 lux, with the excep- 
tion of the group operated on September which was kept in a 
cold room (7°C+1°C) from November to March, and then 
placed at 15°C. 

The group bulbectomized in June was made up of 18 
operated animals divided into three sub-groups. The first 
subgroup (6 animals) was fed ad lib just after surgery. The 
two other sub-groups were food restricted so that their body 
weight changes were similar to those of the controls. On 
September 10, just at the beginning of weight loss, 6 operated 
animals were given food ad lib. On November 10, at the 
beginning of the minimum weight level, the last 6 operated 
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FIG. 1. Variations in body weight (upper section) and food intake (lower section) in control (solid lines and black areas respectively) and in 
bulbectomized animals (dotted lines and white areas respectively). Raw data of two animals in each group are represented. Surgery was 
performed at different times of the year indicated by arrows: A (January); B (March); C (May); D (June); E (September); F (November). 


animals were refed ad lib. All three sub-groups were kept in 
observation until July. The animals were weighed twice a 
month. At the same time food intake (expressed in g/24 hr) 
was determined by weighing the remaining food. At the end 
of the experiment, the animals were killed by an overdose of 
pentobarbital, the brains were removed and fixed in 10% 
formaldehyde. The extent of the bulbectomy was evaluated 
by gross observation. The groups were not identical in 
number of animals because of death and because the incom- 
pletely bulbectomized animals were discarded. Results were 
analysed by analysis of variance and two tailed Student’s 
t-test. 


RESULTS 


Examples of variations in food intake and body weight of 
both the control animals and the bulbectomized animals are 
shown in Fig. 1 on the basis of data obtained from two con- 
trol animals and two operated animals from each group. On 
the whole the other animals of the same groups showed the 
same pattern of food intake and body weight. All the control 
animals exhibited a well marked circannual rhythm of food 
intake and body weight (Fig. 1). Food intake increased from 
February to April-May, plateaued from June to September, 
and then decreased from mid-September to mid-January. 
Body weight showed a similar rhythm but lagged behind by 2 
to 3 weeks. Both rhythms were much more marked in the 
young recently trapped animals (Fig. 1C: H349, H494) than 
in the older ones which have spent a year in the laboratory 
(Fig. 1B: H373, H395). 


In each of the six groups the olfactory bulbectomy was 
followed by a hyperphagia with high weight gain immediately 
after surgery like in Fig. 1A to F. This hyperphagia was seen 
in the spring (Fig. 1B and C: H409, H374, H500, H437) in 
phase with the normal elevated food intake of the controls as 
in winter in opposition with the low food intake of the con- 
trols (Fig. 1A and E: H522, H362, H309, H404). Therefore 
the consequence of the operation on the circannual rhythm 
seems to be different according to the period of the year 
when the operation was performed. When it was done in 
spring (March, May) or at the beginning of summer (June) 
the two rhythms, body weight and food intake, were in phase 
with those of the controls; the amplitude however was 
greater in the bulbectomized animals (Fig. 1B, C, D). When 
the operation was done in fall or in winter (Fig. 1A, E, F) a 
temporary phase shift occurred between the control animals 
and the bulbectomized animals: the operated animals be- 
came hyperphagic and their body weight increased while the 
controls ate less and lost weight (Fig. 1A, E, F). This differ- 
ence is seen very clearly in Fig. 1A (the January group) 
where the controls are at their minimum and the bulbec- 
tomized are near their maximum. The two groups are appar- 
ently in opposition of phase, at least just after the operation, 
but the circannual rhythm remains. In the January bulbec- 
tomized animals another weight increase occurs after the 
first initial increase. This second increase is synchronized 
with the vernal recovery of the controls (Fig. 1A). In this last 
case, the amplitude of the rhythm is greater in the bulbec- 
tomized animals than in the controls. The synchronization 
between the bulbectomized and the control's rhythms is also 
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FIG. 2. Mean of food intake (g/24 hr +SEM) of bulbectomized 
animals during the first (O—©) and the third month (A---A) after 
surgery as compared to their controls (@—@ and A---A, respec- 
tively). Surgery was performed in January (n=9), March (n=6), May 
(n=6), June (n=6), September (n=6) and November (n=8). Bulbec- 
tomy leads to an enhancement of food intake during the first month 
which persists three month after. 


seen in September (Fig. 1F): after the post surgery large 
weight increase, the September’s bulbectomized animals 


lose weight as the controls do. 

Figure 2 shows the variations in bulbectomized animal’s 
food intake compared to their controls during the first and 
the third month after the operation. Food intake in both the 
bulbectomized animals and the control animals during the 
first month after surgery varies according to the time of year 
the operation is made, F(5,92)=41.6, p<0.001, but the level 
of food intake shifts upward in the bulbectomized animals, 
F(1,92)=94.6, p<0.001. The interaction between time and 
lesion is not statistically significant, F(5,92)=0.307, p >0.90. 
Food intake in both the bulbectomized and the control 
animals during the third month after the operation varies 
according to the time of the year the operation is made, 
F(5,89)=6.57, p<0.05. The level of food intake is greater in 
the bulbectomized animals, F(1,89)=2.25, p<0.001. But 
there is a statistically significant interaction between lesion 
and time of the year, F(5,92)=7.16, p<0.05, which indicates 
a desynchronization between the bulbectomized and the 
control animals. 

Another approach to these results is to point out the rela- 
tionships between the food intake (FI) and the body weight 
variations (AW) (Fig. 3). This figure allows us to answer the 
following questions: how much does an animal eat to gain 
one gram? Is this amount of food the same during the year? 
We have plotted separately for each of the six control groups 
and each of the six bulbectomized groups the fortnightly 
relationships between AW and FI during the course of the 
year. All of the relationships observed in the six groups of 
the controls had the same pattern. All of the bulbectomized 
groups also had the same pattern which differed from that of 
the controls. For this reason we pooled the bulbectomized 
animals’ data together and the control animals’ data together 
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FIG. 3. Relationships between daily food intake (g/24 hr) and body 
weight increment (g) in bulbectomized (O—©) and control (@—@) 
animals. Each point is the grand mean for the different groups in 
January (J), February (F), March (M), etc., independently of the 
period when the lesions were made. Each point on the figure is for a 
two week period. January first is the starting point, arrows follow 
the course of the year. For further explanation see text. 


and set January | as zero point. Therefore, the first data 
point in Fig. 3 is the mean of the values measured in January 
for the six groups but some of these values concerned groups 
which are just at the beginning (November, January), other 
which are in a half-way (June, September) and the last ones 
which are almost at the end of the experiment (March, May). 
The other data points are constructed in the same manner. In 
the bulbectomized animals we have disregarded the values 
obtained during the dynamic phase of hyperphagia (first two 
months after bulbectomy). Consequently, each data point 
reflect more often the mean of five groups rather than six. 
Variation was also increased by the different length of the 
laboratory experience of animals. All of these factors ac- 
count for the size of the standard error. 

Figure 3 shows that the data points of the control animals 
described an approximate Lissajous figure which is inscribed 
in the phase plane. One can divide the year into two periods, 
the first one (from the beginning of January to mid May) with 
low food intake and high body weight gain; the second one 
(from mid May to the end of October) with high food intake 
and body weight loss. For each period there is a good corre- 
lation between body weight variations and daily food intake 
(r=0.93 and 0.92, n=9 and 11, respectively; »<0.001 in the 
two cases). For both periods, the data can be fitted by a 
straight line, the equation of each one being y=—23.72 + 
2.76x and y=—58.78 + 3.52x, respectively. The slopes of 
these two lines are not significantly different (¢=1.22; 
p>0.05). 

This changing relationship between body weight varia- 
tions and daily food intake disappears after the bulbectomy. 
In bulbectomized animals, one and the same equation can 
describe all the data, in contrast with the controls: y= —75.44 
+ 3.05x; r=0.699; n=24; p<0.01. The slope of the equation 
does not differ from the two preceeding ones (¢=0.26 and 
0.99, respectively; p >0.05). The circannual rhythm persists, 
as is obvious by the animal’s gain or loss of weight, but the 
body weight variations are in phase with the daily food in- 
take. Furthermore, for the same gain or loss of body weight 
the bulbectomized animals ingest more food than the con- 
trols. 
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FIG. 4. Food restriction experiment. Body weight of control animals 
(@—@) and bulbectomized animals fed ab lib immediately after 
surgery (O—©) or food restricted until the beginning of either nor- 
mal loss of weight (A— A) or minimum body weight plateau (O-©) 
of the control animals. Mean of 6 animals in each groups. Arrows 
indicate the time of ad lib refeeding. 


The slopes of the regression lines fitted to the data points 
indicate magnitude of growth. As these slopes do not signifi- 
cantly differ from each other, the growth is the same for the 
two groups, i.e., a given food intake leads to the same gain of 
body weight in the control and the bulbectomized animals. 
When the body weight increment is zero (in the controls in 
January and in July-August, Fig. 3) food intake is only re- 
quired for the maintenance energy expense. The food intake 
per 100 g of the control animals is then respectively of 2.45 g 
and 3.97 g. In contrast, in the same conditions, the food 
intake per 100 g of bulbectomized animals is 5.55 g. 

Figure 4 describes the results of Experiment 2. First, this 
experiment bears out that the maintenance energy metabo- 
lism of the bulbectomized animals is higher than that of the 
controls: in order for the bulbectomized animals to lose 
weight like the controls, it was necessary to give them ap- 
proximately 25 g of food per day when the controls ingested 
no more than 10 to 12 g per day. Figure 4 shows that the post 
bulbectomy body weight increase may be delayed by food 
restriction but hyperphagia and body weight increase are not 
abolished. That is, when the animals were again placed on ad 
lib food, they regained body weight and the longer is the food 
restriction the more quickly they did. During the circannual 
body weight rhythm the maximum rate of body weight gain is 
5 g/24 hr in March. In our experiment when we measured this 
rate on the first ten days after the bulbectomy (in June) it was 
4.6 g/24 hr. The rate of body weight gain determined on the 
first ten days after ad lib food is 7.3 g/24 hr with a short 
restriction (September) and 9.1 g/24 hr with a longer restric- 
tion (November). 


DISCUSSION 


This study confirms and extends our previous results [4] 
and is, to our knowledge, the first which investigate a possi- 
ble seasonal effect of brain lesions in the European hamster. 
In this animal a total olfactory bulbectomy produces an in- 
crease in food intake followed by a marked obesity regard- 
less of the time of the year it is done and the physiological 
state of the animal. These results resemble those obtained 
after ventromedial hypothalamic (VMH) lesions in other 
mammals [5]. When it is done during the autumnal and the 
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winter weight loss phase, the olfactory bulbectomy inter- 
rupted this weight loss and changed it to a hyperphagia and a 
period of weight gain. This leads to an apparent and tempo- 
rary phase shift followed by a return to the normal body 
weight rhythm. Similar results have been obtained by 
Mrosovsky [6,7] in ground squirrels after VMH lesions per- 
formed during the weight loss phase of the annual cycle. In 
those experiments there were some phase shifts (quantita- 
tively small) but no effect on the period and no loss of 
rhythmicity. More interestingly, olfactory bulbectomy is still 
able to enhance food intake, even when it was performed 
during the weight gain phase. These results suggest that the 
olfactory bulbs exert a tonic inhibition throughout the year 
on those brain structures involved in the control of food 
intake and body weight regulation. In these conditions, one 
can explain circannual food intake and body weight rhythm 
of normal animals by assuming that olfactory bulb exert an 
identical inhibitory influence on rhythmic brain structures 
involved in the control of food intake. However, one cannot 
exclude the hypothesis that the olfactory bulb’s inhibition 
varies rhythmically in a manner opposite to these brain 
structures. 

The food intake used for the metabolism of the animals is 
employed in two ways: first, for growth and second, for 
maintenance metabolism, i.e., basal metabolism, locomo- 
tion, thermoregulation, etc. When there is no body weight 
variation, all of the food ingested by the animal exactly 
covers its maintenance metabolism. When the body weight 
increment is zero (i.e., in winter or mid-summer for the con- 
trols, Fig. 3) the food intake of the animals is 2.45 and 3.97 g 
per 100 g of weight, respectively. This represents an ingested 
energy of 115.06 and 188.28 kJ/24 hr for an animal weighing 
350 g (1 g of food corresponds to 13.38 kJ [1]). In March 
when basal metabolism is higher than in winter and summer 
[3] we measured from the body weight loss of fasted animals 
a mainteance metabolism of 230 kJ/24 hr [1]. Hence, we 
estimated that our present winter and summer values are in 
good agreement with the spring values previously measured. 

The maintenance metabolism of the bulbectomized 
animals as evaluated from the ingested food (255.25 kJ/24 
hr), is far greater than that of their controls (Fig. 3). Haberey 
(personal communication) has observed similar results in 
VMH lesioned rats which ingest more food for their mainte- 
nance metabolism than the control rats of the same weight 
do. Two hypothesis may account for this high value of main- 
tenance metabolism. Either it is high because of higher 
motor activity or the ingested food is not efficiently used in 
the bulbectomized animals. The measurements of oxygen 
consumption and of motor activity of the bulbectomized 
animals should allow us to answer this question. 

Our food restriction experiment is in agreement with the 
fact that the bulbectomized animals ingest more food for 
their maintenance metabolism. Indeed, the bulbectomized 
animals eat twice as much as the controls but nevertheless 
lose the same weight. Moreover, this experiment provides 
two further pieces of information. First, the effect of the 
bulbectomy persists long after the operation. Second, the 
restricted bulbectomized animals, the weight of which is 
similar to that of the controls, look like fasted animals. The 
rates of the weight gain noticed after the food restriction was 
ended were the greatest ever observed in the European 
hamster [1]. It is as if, while food restriction continued, the 
body weight of the bulbectomized animals deviated more 
and more from the body weight set point or somatostat. 
Moreover the final weight reached by the different sub- 





BULBECTOMY, HYPERPHAGIA, CIRCANNUAL RHYTHMS 685 


groups was not the same (Fig. 4). It was higher in the sub- 
group where the food restriction lasted longer. This seems to 
indicate that the body weight set point moves toward the 


high values as the food restriction continues. A sliding from 
body weight set point has already been observed during cir- 
cannual body weight rhythm and during hibernation [2,8]. 
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COLING, J.G. AND L. J. HERBERG. Effects of ovarian and exogenous hormones on defended body weight, actual body 
weight, and the paradoxical hoarding of food by female rats. PHYSIOL. BEHAV. 29(4) 687-691, 1982.—Normally cycling 
female rats maintained on a free diet and showing the usual female pattern of hoarding behaviour (>5 pellets/day) 
underwent bilateral ovariectomy or sham surgery. Body weights after ovariectomy showed a rapid increase for four 
postoperative weeks, paralleled by a sharp increase in food hoarding. During the fifth and sixth weeks, when body weights 
had stabilised at a higher level, hoarding activity reverted to preoperative levels. Daily intramuscular administration of 
oestradiol benzoate (2.0 wg or 25 wg/day for five days) counteracted the increases in body weight and hoarding activity. 
Progesterone (0.5 mg/day) and testosterone (0.5 mg/day) were without significant effect. The increased hoarding activity 
after ovariectomy is an indication of a rise in the defended level of body weight, and supports earlier suggestions that 
oestrogen lowers the physiological setting about which body weight is regulated. Paradoxical findings that non-deprived 
intact females hoard more, not less, than males are considered in the light of nonregulatory constraints on body weight 
which would affect hoarding by shifting body weights above, or below regulated levels. 
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MALE laboratory rats hoard food only when they are nutri- 
tionally depleted [21,24], and they do so regardless of 
whether they are hungry at the time of testing [21]. Thus 
hoarding in the male rat (or gerbil [22]), can be viewed as a 
further instance of the various compensatory mechanisms 
that come into play when body weight falls below a defended 
critical value, and can serve as a useful index of this [12,14]. 
In the female rat, however, hoarding normally occurs at low 
but appreciable rates without there being any history of food 
deprivation [5, 13, 17, 30]; thus hoarding in the female does 
not seem entirely accounted for as part of the behavioural 
repertoire for defending body weight. 

The paradoxical hoarding of the non-deprived female 
does not appear to be a case of modified nest-building activ- 
ity [13], nor is it a manifestation of sexual receptivity since 
scores are actually lower during oestrus when other activi- 
ties are maximal [13]. A more likely explanation seems to be 
that it results from the oestrogen-induced tonic inhibition of 
food intake known to prevail in the free-feeding female: in 
the female rat, oestrogen stimulates motor activity [6] and 
inhibits feeding [3,25], and thereby contributes to a much 
lower body weight in the female than in the male [3,16]. 





Free-feeding females might thus be subject to a self-imposed, 
non-regulatory restriction of food intake that would depress 
body weight below the defended level and release hoarding 
in the same way as imposed food deprivation elicits hoarding 
in the male. This possibility was investigated in the following 
experiments by examining the effects of ovariectomy (Ex- 
periment 1) and of replacement injections of the main 
gonadal steroids (Experiment 2) on the body weight and 
hoarding behaviour of the adult female. 


METHOD 
Subjects 


Female hooded rats weighing between 160 and 200 g were 
housed in metal cages modified for the observation of hoard- 
ing behaviour as illustrated elsewhere [13]. Each cage con- 
tained an enclosed home area with nesting materials and a 
water-spout, and an adjoining open area with a wiremesh 
food hopper that allowed pellets in it to be eaten by the rat 
but not removed from the hopper. The rats were familiarised 
with the cages for at least 7 days and then screened for 
hoarding behaviour by methods described below, and for 
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cytological evidence of oestrous cycling. Rats that failed to 
hoard during 10 days of screening were rejected from the 
experiments. 


Procedure 


Hoarding tests were conducted between 14:00 and 16:00 
hr on 4 or 5 days per week. After each rat had been weighed 
(and a vaginal smear taken if required), a metal container 
with food pellets was placed at the front end of the open area 
of the cage and left there for 10 min. Hoarding scores were 
obtained by counting the number of pellets carried into the 
home area during this time. After the hoard had been 
counted, 10 pellets (weighing approximately 20 g) were left in 
the home area for the rat’s consumption, additional to the 
food in the hopper. 

Vaginal smears were taken before and for 7 days after 
ovariectomy to confirm the disappearance of cycling in the 
ovariectomised rats and its continued presence in the sham- 
operated rats. Smears were stained with Schorr’s stain for 
microscopic examination, and oestrous cycling was inferred 
from the presence of cornified epithelial cells. 


Statistics 

Weekly hoarding scores of individual rats were calculated 
as medians [20] from which group means were derived. 
Statistical comparisons were based on non-parametric or 
parametric tests of significance as appropriate. Changes in 
body weight were analysed by means of a two-way analysis 
of variance and by Student’s f-tests for correlated or non- 
correlated samples. 


EXPERIMENT |! 


Procedure 


Twelve rats showing regular oestrus cycles and the typi- 
cal female pattern of hoarding behaviour (>5 pellets/10 min 
test under ad lib conditions) were assigned to two groups 
matched for hoarding activity over the preceding two weeks. 
Group OvX were ovariectomised through a midline abdomi- 
nal incision under ether anaesthesia, and the Sham Group 
were laparotomised. Hoarding tests were recommenced on 
the day following surgery and were continued for the ensuing 
six weeks. 


RESULTS 
Oestrus Cycling 


The oestrus cycles of the sham-operated rats were unaf- 
fected by surgery, but all the ovariectomised group stopped 
cycling after operation. 


Body Weight 


Figure 1 shows the body weights of the two groups before 
and after surgery. Preoperative weights of the OvX and 
Sham Groups were similar (respectively 186 and 192 g) but in 
the six weeks after operation the OvX rats gained consid- 
erably more weight than the Shams (29% vs 6%; t(10)=7.0, 
p<0.01) and they became significantly heavier, 1(10)=2.62, 
p<0.05. As can be seen in Fig. 2 (upper half) the enhanced 
rate of weight gain of the OvX Group was not uniform over 
the six postoperative weeks, F(5,30)=18.2, p><0.01; a period 
of rapid weight gain in the first four weeks (mean weight gain 
>10 g/week) being followed by a declining rate of gain (<4 
g/week) in the fifth and sixth week, #(10)=11.3, p<0.01. 
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FIG. 1. Mean body weights of ovariectomised (OvX, n=6) and 
sham-operated rats (Sham, n=6) one week before and for six weeks 
after operation. Each point is the mean body weight of each group 
recorded at the last test of each week. Distributions are standard 
errors. 


Hoarding 


The hoarding scores of the two groups are shown in the 
lower half of Fig. 2. The Sham rats were unaffected by lapa- 
rotomy and hoarded at the same rates before and after oper- 
ation, Friedman x,?(6)=2.63, p>0.05. 

In the OvX Group, however, hoarding scores showed a 
sharp increase during the first four weeks after operation, 
followed by a decline to preoperative levels in the fifth and 
six weeks, Friedman x,2(5)=56.6, p<0.01, the scores being 
significantly higher in the first four weeks than in the fifth 
and sixth, Wilcoxon T=0, n=6, p<0.05. Comparison of the 
two groups shows that the OvX Group hoarded consistently 
more than the Sham Group during the four post-operative 
weeks, Mann Whitney U < 7, n,=n,=6, p<0.05, while com- 
parison of the upper and lower halves of Fig. 2 shows that 
the enhanced hoarding performince of the OvX Group 
closely matched the changing rate ot increment in their body 
weight, the product-moment correlation between the two 
measures by week being highly significant, Spearman r=.95, 
n=6, p<0.01. 


EXPERIMENT 2 


Twenty-four rats, screened and ovariectomized as in Ex- 
periment 1, were tested for hoarding on 4 successive days 
two months after ovariectomy to obtain a pretreatment 
baseline, and assigned randomly to one of four groups: 
Group TP was given daily injections of testosterone 





OVARIECTOMY AND WEIGHT REGULATION 


= _ 
oO i) 


a] 


Weight gain [g/week ] 





N 
a oOo 


nN 
o 


Pellets hoarded 





12346485 6 
Week from Surgery 








FIG. 2. Mean week-by-week rise or fall in body weight (upper sec- 
tion), and hoarding scores (lower section), of ovariectomised (OvX) 
and sham-operated rats (Sham) before and after operation. Each 
hoarding score is based on the mean of the weekly medians of each 
rat. 


propionate B.P. in sesame oil (0.5 mg/day); Group P was 
given progesterone B.P. in arachis oil (0.5 mg/day), and 
Groups EB2 and EB25 were given oestradiol benzoate B.P. 
in arachis oil and ethyl oleate in doses of respectively 2.0 and 
25.0 wg/day. Injections were administered intramuscularly in 
volumes between 0.01 and 0.025 ml on 6 successive days, 
and hoarding tests were carried out as before. Hoarding tests 
on the first two days of treatment were unscored, and the 
median score of each rat on the remaining 4 days provided a 
Treatment Score. A 4-day post-treatment score was obtained 
approximately two weeks later. 


RESULTS 


Figure 3 shows the changes in body weight (upper half) 
and hoarding scores (lower half) for the four groups before, 
during and after hormone treatment. 


Hoarding 


There was no significant difference between baseline 
hoarding scores before and after any of the four treatments, 
Wilcoxon T>6, n=6, p>0.05, and the mean of the pre- and 
post-treatment scores was taken as a no-treatment baseline. 

Both doses of oestrogen (2.0 and 25 ug/day) produced a 
significant reduction in hoarding with respect to the no- 
treatment baseline (respectively 50 and 80%; Wilcoxon T=0, 
n=6, p<0.05, but progesterone (0.5 mg/day) had no discern- 
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FIG. 3. Body weights (upper section) and hoarding scores (lower 
section) of four groups of six ovariectomised rats treated with oes- 
tradiol benzoate (EB; 2.0 or 25 ug/day), progesterone (P; 0.5 
mg/day) or testosterone propionate (TP; 0.5 mg/day). Adjacent 
blocks show means of 4 pretreatment days, 4 treatment days, and 4 
post-treatment days. *Treatment mean significiantly different from 
mean of pre- and post-treatment scores, p<0.05. **Treatment mean 
significantly different from mean of pre- and post-treatment scores, 
p<0.01. 


ible effect, Wilcoxon T=8, n=6, p>0.05. Testosterone was 
accompanied by a 41% reduction in hoarding activity but this 
fell just short of significance in a nonparametric ranking test, 
Wilcoxon T=1, n=6, p>0.05. 


Body Weight 


Both doses of oestrogen (2.0 and 25 uwg/day) reduced body 
weights by about 5% to levels significantly below the no- 
treatment conditions, #(5)=4.5 and 22.8, p<0.01, but 
progesterone (0.5 mg/day) and testosterone (0.5 mg/day) had 
no significant effect, 7(5)=1.5 and 1.6, p>0.05. 


DISCUSSION 


Experiment | showed that removal of the ovaries did not 
eliminate or reduce the paradoxical hoarding of the non- 
deprived female. Thus it is clear that the more vigorous 
hoarding of the female rat which differentiates it from the 
male is not caused simply by ovarian hormones. On the con- 
trary, the immediate consequence of ovariectomy was a 
further increase in hoarding, lasting about four weeks and 
accompanied by a period of rapid weight gain; at the end of 
the four weeks body weights appeared to stabilize at a new, 
high level, as in several previous studies [2, 8, 15, 16, 25], 
and hoarding scores returned to preoperative levels. These 
changes did not occur in sham-operated rats, and they were 
opposed by replacement injections of oestrogen, but not 





690 


progesterone, indicating that the increased hoarding after 
ovariectomy, like the rise in body weight [16,29] is due to the 
loss of circulating hormones. 

The hyperphagia and the steep gain in body weight that 
follow ovariectomy have been interpreted by some inves- 
tigators [19, 26, 27] as representing the establishment of a 
new, higher level of body-weight regulation. The hoarding 
data from Experiment | support this interpretation: if hoard- 
ing activity is a body-weight defence mechanism (see Intro- 
duction), then the sharp rise after ovariectomy denotes 
an animal seeking to restore its body weight to a higher regu- 
lated level. This enhancement of hoarding contrasts with the 
absence of hoarding in rats made hyperphagic by ventro- 
medial hypothalamic lesions [11,18] or by dietary means 
(Winn and Herberg, in preparation), and the difierence may 
reflect the distinction between hyperphagia caused by a 
raised level of body-weight regulation (as in the genetically 
obese Zucker rat, Herberg and Winn, in press), and hyper- 
phagia in which the regulatory setting is unchanged but in 
which the executive mechanism necessary to maintain body 
weight at the set value is inadequate or defective (as in the 
ventromedial rat [7, 8, 11]). Thus the vigorous hoarding re- 
corded after ovariectomy (Experiment 1) and the depression 
of hoarding after oestrogen injection (Experiment 2) or dur- 
ing oestrus [13] show that oestrogen-dependent changes in 
body weight are caused, at least in part, by a lowering of the 
regulated level of body weight, and that circulating oestrogen 
is responsible for this. 

Why then do intact non-deprived females show more 
hoarding activity than males? A lower regulated setting for 
body weight in females than in males, due to oestrogen, 
might lead one to expect the opposite. A possible explanation 
for this paradox, suggested in the Introduction, it that oes- 


trogen may also have a “‘direct’’ suppressive effect on body 
weight, independent of its effects on the regulatory setting. 
Direct, non-regulatory effects of oestrogen on body weight 
have recently been reported by several investigators [1, 2, 4, 
9, 28], brought about, perhaps, by a peripheral metabolic 
action [28]. One consequence is that the body weight of the 
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intact female would presumably be maintained at the lower 
extreme of the defended range, close to or even below the 
critical level at which hoarding commences. Thus non- 
deprived females, despite their lower set-points, would be 
more likely to show hoarding activity than undeprived 
males. It is clear, however, that this cannot be the full expla- 
nation for the high hoarding scores of the female since the 
ovariectomized rats in Experiments | and 2 continued to 
hoard even after their body weights had restabilised and 
even though there was presumably no oestrogen present to 
lower their body weights. 

Alternative explanations for the pardoxical hoarding of 
the female include the possibility of genetically programmed 
behavioural differences, or irreversible endocrine effects 
occurring neonatally or before ovariectomy had been carried 
out. A further possibility, that the cause of the sex differ- 
ences resides in the male rather than the female, is suggested 
by the possible suppression of hoarding behaviour by testos- 
terone in Experiment 2. The selected dose of TP (0.5 mg) 
was expected, from published reports, to be sufficient to 
elicit near-maximal androgenic effects but to be below the 
level at which aromatisation leads to prominent oestrogenic 
effects [10]. In the event, however, the effect of TP on hoard- 
ing activity was only of borderline significance and could be 
explained entirely in terms of incipient oestrogenic effects 
following its partial conversion into oestrogen [10,23]. The 
present results showed oestrogen to have a more profound 
influence on hoarding, the consequence of its ability to lower 
the level about which the body weight is regulated and at 
which hoarding behaviour first appears. This property of 
oestrogen accounts for the effects on hoarding of ovariec- 
tomy. In addition there must be some other factor, which the 
present study has not positively identified, to account for the 
more vigorous hoarding found in the undeprived intact 
female than in the underprived male. Either oestrogen or 
testosterone, by affecting food intake or body weight di- 
rectly, could contribute to this effect, but the present results 
show that neither is likely to provide the full explanation. 
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MURISON, R., R. URSIN, G. D. COOVER, W. LIEN AND H. URSIN. Sleep deprivation procedure produces stomach 
lesions in rats. PHYSIOL. BEHAV. 29(4) 693-694, 1982.—Sprague-Dawley male rats were deprived of food for 40 hr and 
subjected to sleep deprivation by the ‘‘flower pot’’ or handling intervention procedures during the final 24 hr. Five of six 
rats in the flower pot group exhibited stomach erosions. Only one rat in the handling group, and no rats in a food deprived 
control group showed such erosions. The flower pot group also had higher levels of corticosterone than the food deprived 
control group. These findings argue for more serious consideration of the effects of the stress of procedures for sleep 


deprivation. 


Sleep deprivation Gastric ulceration 


THE watertank or “‘flower pot’? technique of depriving 
animals of REM sleep was described by Jouvet er al. [7] for 
cats, and modified for rats by Morden et al. [10]. The animal 
is placed on a platform surrounded by water. If the platform 
is small enough, any significant relaxation, as for instance 
during REM sleep, will result in the animal falling off the 
platform into the surrounding water. The method has been 
criticized by Albert [2] as producing too much stress. The 
spirit of the criticism seemed to be that new methods should 
be developed for producing REM sleep deprivation, or that 
the degree of stress experienced by the experimental and 
control groups should be assessed. However, several re- 
searchers have argued that the criticism is not valid [3, 5, 8]. 
The present experiment demonstrates the potential serious- 
ness of the criticism by examining the incidence of stomach 
erosions in rats subjected to food deprivation and 24 hours in 
the flower pot situation. 

The flower pot procedure may produce hypothermia 
and/or psychological conflict, which are associated with gas- 
tric ulceration [1,17]. In the present experiment, an addi- 
tional group was included which was handled as a means of 
interrupting observed sleep. To our knowledge, sleep depri- 
vation by handling has not earlier been tried with rats, al- 
though the method has been used successfully with cats 
[13,15]. Earlier studies on the effects of REM sleep depriva- 
tion on stomach pathology have not to our knowledge em- 
ployed food deprived animals. Most methods of inducing 
ulcerations, however, involve prior food deprivation [16] be- 
cause the presence of either nutritive or non-nutritive bulk in 
the stomach inhibits the formation of erosions [9]. 


METHOD 
The subjects were 18 male Sprague-Dawley rats (Moller- 





gaard, Denmark) weighing approximately 200 g at the start of 
the experiment. Prior to the experiment, animals were 
housed singly and with free access to food and water. The 
animals were randomly allocated to the three experimental 
groups (n’s=6). 

The rats were deprived of food 16 hours before and con- 
tinuing through the experimental session. The sleep depriva- 
tion procedures for the experimental animals started at 0830 
and continued for 24 hours. 

Subjects in the flower pot group were placed on a 5 cm 
diameter plattorm 1.5 cm above the surrounding 11.5 cm 
deep water. The platform size was close to the size (4.5 cm) 
used by Pujol et a/. [12], on which rats were totally deprived 
of REM sleep and which also reduced slow wave sleep to 
58% of control values. 

Rats in the handling condition were placed in their home 
cages on separate tables and the cage tops were removed. 
The animals were picked up from the home cage and handled 
gently whenever the experimenter observed that they were 
inactive for more than a few seconds. This handling proce- 
dure obviously permitted some slow wave sleep to occur, 
but the rats were never left alone long enough for REM sleep 
to develop. The animals were not recorded during the two 
deprivation procedures, but our judgement is that the sleep 
deprivation effects of the procedures were similar. Any 
difference would be in the direction of the handled animals 
obtaining less sleep than the flower pot animals. Subjects in 
the control group remained undisturbed but food deprived. 

At the end of the 24 hour session, all animals were decapi- 
tated and the blood was collected for assay of corticosterone 
[4]. Stomachs were removed and examined for signs of ul- 
cerations. The experimenter scoring the ulceration was un- 
aware of the identity of the individual animals. 
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TABLE 1 


NUMBER OF SUBJECTS IN EACH GROUP EXHIBITING 
ULCERATION, MEAN LENGTH OF ULCERATION (S.E.M.) AND 
POST SESSION PLASMA CORTICOSTERONE (S.E.M.) 





Group 


Handled 
deprived 


Control 
non-deprived 


Flower pot 
deprived 





Number of Ss . 0 
with erosions 
Mean length (mm) 
erosions per S 

Mean plasma 
corticosterone 
(ug/100 ml) 


4.2(2.2) 2 (0) 0 (0) 


44.6(9.5)  34.5(10.0) 19.3(3.6) 





RESULTS 


Ulceration and plasma corticosterone data are sum- 
marised in Table 1. Only one rat in the handled group, and 
none of the control group developed ulcerations, while five 
of the six flower pot animals exhibited erosions. The flower 
pot group exhibited significantly more ulceration than the 
handled or control animals (Fisher exact probabilities: 
p=0.030 and 0.039, respectively). The mean corticosterone 
levels of the flower pot animals was significantly higher than 
the mean for the control group (f=2.49, p<0.03). The mean 
for the handled group was intermediate between the other 
two groups but not significantly different. 


DISCUSSION 


The data indicate that the flower pot method of sleep 
deprivation is potentially stressful. Combined with food 
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deprivation, sleep deprivation by the flower pot method was 
followed by stomach erosions after the relatively short dep- 
rivation time of 24 hours. Food deprivation alone, or com- 
bined with sleep deprivation by handling did not produce 
stomach pathology to any extent. Therefore, the method and 
not the sleep deprivation in itself seems to be the crucial 
factor. The corticosterone data from this study and from 
earlier work with non-fasted animals [10] also imply that the 
flower pot method is stressful. 

Other researchers have concluded that increased ulcera- 
tion rate following flower pot REM sleep deprivation was a 
function of the REM sleep deprivation per se [6]. They, 
however, did not control for the method. Also, their 
0-deprivation group, which spent two days on large flower 
pots, did show some ulceration. In another line of research it 
was found that deficits in avoidance acquisition following 
flower pot REM sleep deprivation did not appear when an- 
other deprivation techngiue was used [14]. These authors 
suggested an unspecific performance deficit originating from 
the flower pot procedure. 

The combination of fasting and flower pot sleep depriva- 
tion produced the ulcerogenic effect in the present study. 
Non-fasted animals are unlikely to exhibit this effect simply 
because the presence of food in the stomach inhibits the 
formation of ulcerations [9]. It should be noted that the gas- 
tric erosions were evident after only 24 hours of flower pot 
exposure, while this technique is often used over many days. 

Sleep deprivation is often a side effect of the procedures 
used to induce ulceration [11,18], and ulceration susceptible 
rats exhibit sleep disturbances in ‘‘stress”’ situations [1]. It is 
not clear from our own study what is the primary cause or 
mechanism of the ulceration, but it is clear that it is not sleep 
deprivation per se. The specific characteristics of the flower 
pot procedure, such as fear or hypothermia, must be the 
important variables. What should be important from the 
sleep researcher's viewpoint is that this commonly used pro- 
cedure of depriving animals of sleep is _ potentially 
pathogenic. 
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DEBONS, A. F., K. C. DAS, B. FUHR AND E. SICLARI. Inhibition by hypophysectomy of the hyperphagia and obesity 
following gold thioglucose. PHYSIOL. BEHAV. 29(4) 695-699, 1982.—The effect of hypophysectomy in mice previously 
treated with gold thioglucose (GTG) was studied with respect to changes in food intake and development of obesity. As 
expected, all mice treated with GTG alone exhibited lesions in the ventromedial hypothalamus (VMH), hyperphagia and 
obesity. Hypophysectomy of GTG treated mice prevented the appearance of hyperphagia and obesity. Daily administration 
of the adrenal corticoid, cortisone, completely restored the hyperphagia and obesity in GTG treated hypophysectomized 
mice. The amounts of cortisone used did not appreciably affect food intake or body weights of normal, hypophysectomized 
or GTG treated mice. These findings indicate that the hypothalamic hyperphagia and obesity which normally follows the 
administration of GTG is dependent on a functional pituitary gland. Furthermore, the specific ability of an adrenal corticoid 
to completely restore the hyperphagia and obesity of GTG treated hypophysectomized mice in the absence of other 
pituitary factors, suggests that the pituitary adrenal axis serves as an important link in the regulatory mechanism for control 


of feeding behavior in the mouse. 


Hypothalamic obesity Gold thioglucose 


Hypophysectomy 


Adrenal hormones 


LESIONS of the ventromedial hypothalamus (VMH) induced 
by electrocautery in the rat, [6] or those following the admin- 
istration of gold thioglucose (GTG) [11] or bipiperidyl mus- 
tard (BPM) [16] in the mouse, are followed by hyperphagia 
and obesity. There have been a number of reports relating to 
the possible role of pituitary factors in the syndrome of hypo- 
thalamic hyperphagia and obesity. Hetherington and Ranson 
[7], Cox et al. [2] and York and Bray [19] and others [4,8] 
have all concluded that in rats, hypophysectomy does not 
inhibit the development of obesity following electrolytic in- 
duction of bilateral lesions in the VMH. In some reports, 
however, hyperphagia and weight gain were attenuated in 
the lesioned hypophysectomized rats [2,8], see also review 
by Bray [1]. In contrast to results obtained in the rat, Red- 
ding et al. [15] reported that hypophysectomy in mice pre- 
vented the obesity which follows the administration of GTG. 
Liebelt and Perry [10] also reported in a preliminary com- 
munication (unpublished data) that hypophysectomy of mice 
previously treated with GTG failed to develop obesity. The 
effects of hypophysectomy on hypothalamic hyperphagia 
and obesity in mice require further confirmation before the 
confliciting observations in the two species are to be re- 
solved. 

We have recently observed that adrenalectomy prevents 





the hyperphagia and consequent obesity in mice which fol- 
lows the induction of lesions in the VMH by GTG [3]. In 
addition, the hyperphagia and obesity were found to be 
completely restored in the GTG-treated adrenalectomized 
mice upon administration of the adrenal glucocorticoid, cor- 
tisone. In view of the sparsity of information on the effects of 
hypophysectomy on the VMH-lesioned mouse, we sought to 
examine the effects of hypophysectomy on the onset and 
development of obesity in mice previously treated with GTG 
and to determine what effect, if any, adrenal glucocorticoids 
exert on the food intake and body weight of VMH-lesioned- 
hypophysectomized mice. 


METHOD 


Animals 


Female CF 1 mice, 3-4 months of age, weighing 27-30 g 
were obtained from the Charles River Breeding Laborato- 
ries, Inc. Wilmington, MA, and used in these studies. The 
mice were maintained on Purina mouse chow and given tap 
water freely. They were housed in individual cages in a con- 
stant temperature environmental chamber where the tem- 
perature was maintained at 22.5°C with a 12 hr light and 12 hr 
dark cycle. 
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TABLE 1 


EFFECT OF HYPOPHYSECTOMY ON PLASMA CORTICOSTERONE, FOOD INTAKE, AND 
WEIGHT GAIN IN MICE PREVIOUSLY TREATED WITH GOLD THIOGLUCOSE* 





Plasma 
No. Corticosterone 
Group Mice 


3 Week Period Following Hypox 


Daily Food 
Intake Weight Gain 


g (range) g 





Normal (Control) 10 
GTG 10 
GTG/Hypox 12 
Hypox 14 


+ 1.7+0.2 
+15.1 + 1.0¢ 
— 3.2 + 0.3¢ 
— 4.0 + 0.4% 


3.4-4.0 
4.8-5.4 
2.3-3.0 
2.3-2.8 





Abbrev: GTG, gold thioglucose; HYPOX, hypophysectomized. 
*Mice were hypophysectomized 10 days after administration of GTG. Plasma corticosterone 
levels were measured at 3 weeks after hypophysectomy. 


*Values given are Mean+S.E. 


tp<0.01 (statistical comparison to Normal (Control) group). 


Hypophysectomized and sham operated mice were pre- 
pared for us in our laboratory by an animal surgeon from 
the Endocriine Surgical Service, Lynfield, MA. The hy- 
pophysectomies were performed under ether anesthesia 
using the parapharyngeal approach. All of the operated mice 
were given an IP injection of 250 ug of cortisone acetate and 
10,000 units of Penicillin G SC just prior to and on the day 
following the operation. 


Drugs and Chemicals 


Gold thioglucose (GTG) which was obtained from the 
Schering Corp. (Bloomfield, NJ) was administered at a dose 
of 750 mg/kg and given as a single IP injection from an 8% 
aqueous solution. 

Cortisone acetate (cortone, Merck, Sharp and Dohme) 
was administered at a dose of 20 mg/kg and given IP from a 
0.2% suspension in isotonic saline. 

Penicillin G (Crysticillin, E. R. Squibb & Sons, Inc.), 
10,000 units in suspension was administered in a volume of 
0.03 ml SC. 


GTG-Induced VMH Lesions 


At the completion of the study, approximately 7.5 weeks 
after GTG administration, all GTG-treated experimental and 
control mice were sacrificed by decapitation. The brains 
from the mice were carefully removed from the skull, fixed 
overnight in Bouin’s fluid and processed histologically. 
Hematoxylin and eosin stained sections (7 microns) were 
examined microscopically for the presence of lesions in the 
VMH. 


Measurement of Plasma Corticosterone Levels in Mice 


As an index of the degree of pituitary insufficiency we 
assayed the plasma levels of corticosterone, the principal 
circulating adrenal glucocorticoid in mice. Plasma cortico- 
sterone levels were measured by a radioimmunoassay kit 
supplied by Radioassay Systems Laboratories (Carson, CA) 
with slight modifications according to Rattner et al. [13,14]. 
The limit of sensitivity of this assay in our laboratory was in 
the order of 25-50 picograms per assay vessel. Plasma sam- 
ples (5 yl) were obtained from blood collected within 10-30 


seconds from the orbital sinus of the mouse in heparinized 
capillary tubes. Hematocrits were taken on all blood samples 
to correct for possible changes in blood volume. In view of 
the known daily circadian fluctuations in plasma corticoste- 
rone levels in mice [5], all blood samples were collected 
during the morning hours of 9 to 10:30 a.m. 


Food Intake and Body Weight Measurements 


The food intake and body weights of all the mice were 
recorded each morning. 


Experimental Design 


Normal control mice and those which had been given 
GTG 10 days earlier were used. (GTG treated mice, at this 
time, have recovered from the transitory depression of food 
intake and weight loss which follows administration of 
GTG). Each of these groups were then subdivided, one-half 
being hypophysectomized, the remaining half being sham 
operated. In addition, unoperated normal untreated and un- 
operated GTG-treated mice were also followed daily for a 
period of three weeks at which time blood samples were 
taken for measurement of adrenal activity (plasma cortico- 
sterone). Half of the mice in each of the groups were then 
injected daily with cortisone for an additional three week 
period to ascertain the effect of the glucocorticoid on their 
feeding behavior and body weight. At the end of this time 
(approximately 7.5 weeks following GTG administration) the 
mice were sacrificed. Their brains were removed and exam- 
ined for the presence of lesions in the VMH. The complete- 
ness of hypophysectomy was also confirmed at this time by 
examination under a dissecting microscope of the sella tur- 
cica region of the base of the skull. 

Statistical significance of the differences among the group 
data presented was evaluated using the conventional f-test. 


RESULTS 


GTG treated mice which were hypophysectomized 10 
days after the injection of GTG failed to develop the hyper- 
phagia and weight gain which normally accompanies the 
administration of gold thioglucose (Table 1). Normal mice, 
upon hypophysectomy, exhibited a decrease in their daily 
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TABLE 2 


EFFECT OF CORTISONE ADMINISTRATION ON FOOD INTAKE AND 
BODY WEIGHT OF GTG-TREATED HYPOPHYSECTOMIZED MICE 





Treatment 
No. Cortisone, 


Group Mice 20 mg/kg 


3 Week Period Following Treatment 


Daily Food Weight Gain 
Intake g (range) g 





Normal 
(Control) 
GTG 


GTG/HYPOX 


Hypox 


3.5-4.0 0.5 + 
3.4-4.0 


5.2-6.1 
4.8-5.7 
2.5-3.2 
4.7-5.9 


2.2-3.0 
2.4-3.3 





Abbrev: GTG, gold thioglucose; HYPOX, hypophysectomized. 


*Values given are Mean+S.E. 


tp <0.01 (statistical comparison to untreated mice of same group). 


food intake and total body weight during the three week 
period following hypophysectomy. By the end of the three 
week period food intake and body weight had plateaued at a 
lower level. As expected, plasma corticosterone levels, 
taken as a measure of pituitary function, were significantly 
depressed in all of the hypophysectomized mice. Corticoste- 
rone levels in the GTG treated mice did not differ signifi- 
cantly from normal controls. Sham operated normal and 
GTG treated mice exhibited a transient decrease in food in- 
take and body weight for about 2 to 3 days following surgery 
but otherwise their response (not shown) were indistinguish- 
able from the unoperated control and experimental groups. 

The effect of cortisone administration on food intake and 
body weight of normal, hypophysectomized, GTG treated 
and GTG treated hypophysectomized mice is shown in Table 
2. The daily administration of cortisone to GTG treated hy- 
pophysectomized mice for a three week period was accom- 
panied by a return of hyperphagia and obesity. The weight 
gain of these mice approximated that observed in mice 
treated with GTG alone during the earlier three week period 
(Table 1). The amount of cortisone given was without effect 
on the food intake or body weight of normal, GTG or hy- 
pophysectomized mice (Table 2). 

GTG-induced lesions in the VMH were found to be pres- 
ent in all of the GTG and GTG treated-hypophysectomized 
mice. (Fig. 1). 


DISCUSSION 


In accord with the studies of Redding er al. [15] the 
foregoing findings indicate that the pituitary is essential for 
the production of hyperphagia and obesity which follows 
induction of hypothalamic lesions by GTG in mice. The na- 
ture of the pituitary involvement is revealed by the effects of 
cortisone administration to GTG treated hypophysectomized 
mice. The daily administration of cortisone, in the absence of 
pituitary factors, completely restored the hyperphagia and 
obesity in these mice. These findings reinforce our recent 
observation that adrenalectomy prevents the onset of hyper- 
phagia and development of obesity following GTG adminis- 


tration. Here again, the administration of cortisone to GTG- 
adrenalectomized mice was found to restore the hyperphagia 
and obesity [3]. These results, taken as a whole, indicate that 
the pituitary adrenal axis is an essential component in the 
regulation of feeding behavior in mice. 

The prevention by hypophysectomy of hypothalamic 
hyperphagia and obesity in mice is at variance with the find- 
ings in the rat, where hypophysectomy has been shown to 
have little or no effect [2, 4, 7-9, 19]. The explanation for this 
apparent discrepancy is not clear. Several possibilities arise; 
first, in all cases, lesions induced in rats were electrolytically 
induced, whereas in mice they were induced chemically 
(GTG). It appears unlikely that this is the reason for the 
difference in response of rats and mice to these endocrine 
manipulations since lesions induced by either method 
produce, with minor differences, essentially the same syn- 
drome of hypothalamic hyperphagia and obesity [17]. Sec- 
ondly, the failure of adrenalectomy or hypophysectomy to 
prevent the hyperphagia and obesity in lesioned rats may be 
due in part to residual adrenal activity. Surgical adrenalec- 
tomy or hypophysectomy may not have induced adequate 
adrenal insufficiency in the strain of rat used. Adequate ad- 
renal function may have returned through regeneration of 
adrenal fragments (incomplete adrenalectomy) or from 
hypertrophy of existing accessory adrenal bodies. Such ac- 
cessory adrenal bodies are known to occur fairly frequently 
in rodents [18]. Plasma levels of corticosterone were not 
measured to validate the degree of adrenal insufficiency in 
the rat studies cited above [2, 4, 7-9, 19]. Finally, the 
possibility remains that the inability of adrenalectomized or 
hypophysectomized rats to respond in the same manner as 
mice may just represent a species difference. This would 
imply that in the rat, adrenal hormones are not involved in 
the regulatory apparatus for the control of food intake. This 
possibility also appears unlikely in view of the fact that the 
adrenal gland has been shown by Mook et? al. [12] to play a 
necessary part in the elevation of food intake and body 
weight which follows ovariectomy in the rat. In addition, 
adrenalectomy has been shown by Yukimura e7 a/. [20] to 
prevent the hyperphagia and weight gain of the genetically 
obese Zucker fatty rat. 
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FIG. 1. Transverse sections through the hypothalamus of mice at the level of the median eminence. (A) Normal, untreated; (B) GTG-treated; 
(C) Hypophysectomized; (D) GTG-treated and Hypophysectomized. Mice were sacrificed approximately 7.5 weeks after GTG administra- 
tion. Note that the GTG-induced lesion in the VMH (groups B and D) takes on the appearance of fine scar (arrows) at this time. 
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WADE, G. N. Obesity without overeating in golden hamsters. PHYSIOL. BEHAV. 29(4) 701-707, 1982.—When male 
golden hamsters were switched from a diet of Purina rodent chow to a calorically-dense high-fat diet or were given ad lib 
access to a 32% sucrose solution in addition to chow, they adjusted their food intakes rapidly (within 24 hr) and did not 
overeat. Nevertheless, the fat-fed hamsters tripled their rate of weight gain and nearly doubled their carcass fat content 
after one month on the diet. Resting oxygen consumption (animals awake but quiet) was significantly lower in fat-fed 
animals than in chow-fed controls. Sucrose feeding had no effect on food intake, body weight gain, carcass composition or 
oxygen consumption. Thus, whereas rats exhibit dietary obesity in spite of increases in energy expenditure (diet-induced 
thermogenesis), fat-fed hamsters seem to become obese because of decreases in energy expenditure. However, although 
actual energy expenditure is reduced, fat-fed hamsters exhibit an enhanced thermogenic capacity. Interscapular brown 
adipose tissue mass, protein content, and DNA content as well as norepinephrine-stimulated oxygen consumption were all 
significantly elevated in fat-fed hamsters. The significance of these concurrent diet-induced decreases in energy expendi- 
ture and increases in thermogenic capacity is not clear, but they could be of some value in preparing the hamster for winter. 


Brown adipose tissue 
Energy expenditure 


Thermogenesis 
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Dietary obesity 





WHEN given ad lib access to palatable foods, rats overeat 
and become obese. Diets which induce this hyperphagia and 
obesity include chows with a high lipid content [7,32], 
cafeteria diets in which a variety of palatable food items are 
offered in addition to the normal stock diet [34], and supple- 
mentation of the stock diet with ad lib access to a sweet 
sucrose solution [6,19]. Although each of these dietary regi- 
mens causes a substantial hyperphagia, the increase in body 
weight is significantly less than would be expected given the 
degree of overeating. For example, rats exhibiting sucrose- 
or cafeteria-diet-induced hyperphagia store only a fraction 
(typically 10-40%) of this excess intake as body energy 
[12,28]. The remaining calories appear to be expended as 
heat (diet-induced thermogenesis). 

Rothwell and Stock [28] have suggested that brown 
adipose tissue is the principal site of diet-induced ther- 
mogenesis in overfed rats. Brown adipose tissue is an impor- 
tant organ for nonshivering thermogenesis in cold-adapted 
rodents [10,36] and generates heat by oxidizing intracellular 
fatty acids [25]. Overfeeding and cold adaptation induce 
similar changes in brown adipose tissue including increases 
in tissue mass, protein content, mitochondrial enzyme ac- 
tivities, and mitochondrial proton conductance [3, 16, 25], 
although there are some differences between the two prep- 
arations [12,17]. Both overfeeding and cold adaptation in- 
crease sympathetic activity (norepinephrine turnover) in 
brown adipose tissue [39] and thermogenic capacity 
(norepinephrine-stimulated oxygen consumption) in rats 
[28,29]. Thus, overfed rats store only a fraction of the excess 
calories which are ingested, and diet-induced thermogenesis 
substantially attenuates the obesity which would otherwise 
occur. 


High-fat diet Oxygen consumption 


Diet-induced thermogenesis has been described in several 
species, including human beings [18,28], but not as yet in 
golden hamsters, Mesocricetus auratus. Hamsters are of in- 
terest for a number of reasons. Regulation of eating and body 
weight differ in several respects in rats and hamsters [2, 11, 
30, 35]. In addition, hamsters have well-developed brown 
adipose tissue and a high capacity for thermogenesis [5, 14, 
16, 25]. The following experiments examine the effects of 
three different diets on caloric intake, body weight, carcass 
composition, and energy expenditure in male golden ham- 
sters. 


GENERAL METHOD 


Male golden hamsters (80-100 g at the start of each exper- 
iment) purchased from Charles River Breeding Laboratories 
(Wilmington, MA) were housed in hanging wire-bottom 
cages. A 14:10 hr light:dark cycle (lights on at 0500 hr) was 
maintained throughout the experiments, and room tempera- 
ture was kept at 23°C. Prior to the start of each experi- 
ment all hamsters were fed Purina Rodent Chow (#5001) 
pellets ad lib. The three experimental diets were Purina Ro- 
dent Chow pellets (3.4 kcal/g), a high-fat diet [7] consisting of 
two parts powdered Purina chow to | part vegetable shorten- 
ing (5.3 kcal/g), and Purina chow pellets supplemented with a 
32% (w/v) sucrose solution (1.3 kcal/ml) in a bottle attached 
to the front of the cage. Except where otherwise noted, in- 
takes were measured to the nearest 0.1 g or 0.1 ml (spillage 
accounted for), and body weight was measured to the 
nearest | g twice a week. Tap water was freely available 
throughout the experiments. 

Oxygen consumption was measured at room temperature 
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(23°C) between 0800 and 1200 hr in an open-loop system 
using an Applied Electrochemistry S3-A oxygen analyzer. 
Room air was drawn through an air-tight cylindrical Plexiglas 
chamber (volume=405 ml) containing the hamster. The air 
stream (flow rate=500 ml/min) leaving the chamber was 
passed through soda lime and then CaSO, (Drierite) to re- 
move CO, and water before entering the oxygen analyzer. 
Oxygen consumption was measured in 3 different condi- 
tions. To measure minimum or obligatory energy expendi- 
ture, animals were tested while deeply anesthetized with 
sodium pentobarbital (Nembutal, 80 mg/kg). To measure 
thermogenic capacity, anesthetized hamsters were given 
subcutaneous injections of norepinephrine _ bitartrate 
(Levophed, 1.6 mg free base/kg) [14]. Oxygen consumption 
was recorded at 5-min intervals following norepinephrine in- 
jection until after peak consumption occurred (25-40 min). 
Finally, resting oxygen consumption was measured in 
awake, untreated hamsters. Resting oxygen consumption 
was taken as the mean of 5 separate readings, at least 30 sec 
apart, when the unrestrained animal was immobile but not 
sleeping. All animals were food deprived for | hr prior to 
testing. Data are plotted as ml oxygen consumed/min/kg’”® 
[28]. 

Carcass composition was measured using a modification 
[13] of the method of Leshner et al. [21]. Shaved, eviscerated 
hamsters were coarsely ground and dried to a constant 
weight. Dehydrated carcasses were finely ground, and a 
homogenous sample was taken. Lipid was extracted with 
petroleum ether, and protein was dissolved in 0.3 N KOH. 
Water and lipid contents were determined gravimetrically, 
and protein content was determined by the method of Lowry 
et al. [22]. 

Lipoprotein lipase activity was determined in interscapu- 
lar brown adipose tissue and in epididymal white adipose 
tissue using ['*C]triolein as substrate according to a modifi- 
cation [13,15] of the method of Schotz et al. [33]. Brown 
adipose tissue protein and DNA content were measured in 
tissue homogenates by the methods of Lowry et al. [22] and 
Burton [4], respectively. Circulating triglyceride levels were 
measured by the method of Ramirez [27]. 

Intergroup comparisons were made using one-way 
analyses of variance followed by Newman-Keuls post-hoc 
tests (Experiment 1) or by f-tests and were considered 
statistically significant if p<0.05 (two tails). 


EXPERIMENT | 


The first experiment examined the effects of feeding a 
high-fat diet [7] or supplementing the normal rodent chow 
with ad lib access to a 32% sucrose solution. Hamsters will 
consume large quantities of saccharin or sucrose solutions 
[31] and may gain weight if given access to high-lipid 
sunflower seeds [2,23]. In rats, both these diets cause hyper- 
phagia and increased body weight [7,19], and sucrose over- 
feeding is known to increase brown adipose tissue mass [37] 
and lipogenesis [12]. 


METHOD 


Baseline food intake and body weight were recorded for 
one week in 30 male hamsters. The hamsters were then di- 
vided into 3 groups (n=10 each) matched for mean food in- 
take and body weight (means=91, 91, and 92 grams). One 
group continued on the chow pellets; one group was 
switched to the high-fat diet; and the third group was given 
the 32% sucrose solution in addition to the chow pellets. 
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FIG. 1. Food intake of male hamsters given ad lib access to chow 


and a 32% sucrose solution. During the baseline week (B) only chow 
was available. 





During the fourth week on the diets, resting oxygen con- 
sumption was measured. Three to five days later animals 
were anesthetized, and oxygen consumption was measured 
again. After 30 days on the three diets the hamsters were 
killed, and carcass composition was determined. 


RESULTS 
Food Intake and Body Weight Gain 


As expected, hamsters consumed substantial quantities of 
the 32% sucrose solution, and during weeks 2-4 sucrose ac- 
counted for 62% of their total caloric intake (Fig. 1). How- 
ever, unlike rats, hamsters showed an immediate fully- 
compensatory decrease in chow intake, so that total caloric 
intake was unaffected by sucrose feeding (Fig. 1). Hamsters 
which were switched to the high-fat diet also rapidly com- 
pensated for the ~50% increase in caloric density (5.3 kcal/g 
versus 3.4 kcal/g for chow) and maintained caloric intakes at 
baseline (chow-fed) levels (Fig. 2, top). 

Although none of the groups increased its caloric con- 
sumption, the fat-fed hamsters more than doubled their rate 
of weight gain (p<0.01 after 1 week and thereafter versus the 
other two groups) (Fig. 2, bottom). Sucrose feeding had no 
effect on weight gain. This increase in weight gain without 
overeating in the fat-fed hamsters is best seen if feed effi- 
ciency (grams body weight gain per kilocalorie eaten) is plot- 
ted (Fig. 2, middle). 


Carcass Composition 


Fat-fed hamsters significantly increased the mass of all 
carcass components (Fig. 3). However, the increases in car- 
cass lipid (+96%, p<0.01) were substantially larger than the 
increases in water (+13%, p<0.01) or protein (+16%, 
p<0.01). Carcass energy content (lipid plus protein) [28] was 
63% higher in the fat-fed group than in the chow-fed animals 
(379+ 19 kcal versus 232+ 14 kcal, p<0.01). Sucrose feeding 
had no significant effect on carcass composition (Fig. 3). 


Oxygen Consumption 


There were no significant differences in oxygen con- 
sumption among the three groups when they were tested 
under deep anesthesia (Fig. 4, right). When the animals were 
tested while awake and quiet, but not asleep, oxygen con- 
sumption was significantly higher in chow-fed controls than 
in the fat-fed group (p<0.01) (Fig. 4, left). Oxygen consump- 
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FIG. 2. Food intake, body weight gain, and feed efficiency of male 
hamsters given ad lib access to a high-fat diet, chow plus a 32% 
sucrose solution, or chow only. During the baseline week (B) only 
chow was available. Asterisk indicates p<0.01 versus chow-fed 


group. 


tion of the sucrose-fed group was almost identical to that of 
the animals eating only chow (Fig. 4, left). The same results 
are found if absolute oxygen consumption is expressed as 
ml/min (chow=2.61+0.05, high-fat=2.37+0.08, and chow- 
plus-sucrose=2.68+0.06) or if consumption is computed 
relative to carcass protein content measured one week later 
(chow=0.124+0.003, high-fat =0.098+0.002, and chow-plus- 
sucrose =0.122+0.004 ml/min/g protein). 

If the increment in oxygen consumption from the 
anesthetized condition to the awake-resting condition is 
computed, the fat-fed hamsters exhibit an increase which is 
only 51% of that of the other two groups. 


DISCUSSION 


Male hamsters did not overeat when given ad lib access to 
a 32% sucrose solution or when switched to a diet rich in fat. 
This caloric compensation required a 62% decrease in chow 
intake in the sucrose-fed animals and a ~33% decrease in 
grams eaten by the high-fat-diet-fed group. The adjustments 
occurred within 3 days, the first time that intake was meas- 
ured after switching diets. Although they did not overeat, the 
high-fat diet group increased their weight gain and nearly 
doubled their carcass fat content in one month. These data 
confirm and extend the finding of Borer [2] that hamsters 
given sunflower seeds (high in lipid) in addition to chow 
increase their weight gain without consuming more calories. 

The increased weight gain in the absence of overeating, 
when coupled with the decreased oxygen consumption, 
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FIG. 3. Carcass composition of male hamsters fed the same diets as 
in Fig. 2 for 30 days. Asterisk indicates p<0.01 versus chow-fed 


group. 
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FIG. 4. Oxygen consumption of male hamsters fed the same diets as 
in Fig. 2. Animals were tested both when awake but immobile (left) 
and under deep anesthesia (right). Asterisk indicates p<0.01 versus 
chow-fed group. 


suggests that the obesity of hamsters fed a high-fat diet may 
be due to a reduction in energy expenditure, specifically 
thermogenesis. However, there are other possible contribut- 
ing factors. Hamsters fed carbohydrate-rich diets could have 
higher fecal or urinary energy losses. Fecal energy content 
was not measured, but there appeared to be no urinary loss 
of energy as glucose (measured with TesTape) or ketones 
(measured with Ketostix) in the chow-fed or sucrose-fed 
hamsters. Another possibility is that animals eating high- 
carbohydrate diets might be more active than those eating 
high-fat diets. There are several reasons why differences in 
activity probably do not account for the differences in body 
weight gain: (1) Oxygen consumption was significantly re- 
duced in fat-fed hamsters even when they were awake, but 
immobile. (2) There is little opportunity for exercise in the 
small cages (17.5 cm x 24 cm) which were used. (3) Feeding 
a high-fat diet does not affect activity levels measured on 
horizontal discs [2] and slightly increases activity in vertical 
running-wheels (Schwartz, unpublished). It is also unlikely 
that the changes in weight gain are due to dilution of some 
important component of the chow, such as protein, vitamins, 
or minerals. (The chow was diluted by 33% with shortening). 
The sucrose-fed hamsters reduced their chow intake by more 
than 60% (versus ~56% in the high-fat group), but they 
showed none of the changes which were seen in the fat-fed 








[|] Chow 


16+ BY High Fat 
| HZ Chow-+ Sucrose 
| 


* 


12+ I 


























BODY WEIGHT GAIN (g/day) 



































2 3 
EXPERIMENT 


FIG. 5. Body weight gains in each of the three experiments. Asterisk 
indicates p<0.01 versus chow-fed group. 


hamsters. (It is interesting to note that the sucrose-fed ham- 
sters exhibited normal weight gain and carcass protein con- 
tent despite the fact that they were consuming a diet which 
contained only 8-10% protein). Finally, part of the decreased 
energy expenditure of fat-fed rats could be due to the lower 
metabolic cost of storing ingested fats than storing carbo- 
hydrates [9]. However, even this increased efficiency of lipid 
storage could only account for a small portion of the in- 
creased carcass energy content of fat-fed hamsters. 

Thus, given the available data, the most parsimonious 
explanation for the increased feed efficiency of fat-fed ham- 
sters is a decrease in heat production, perhaps by brown 
adipose tissue. 


EXPERIMENT 2 


In several rodent species, cold- or diet-induced ther- 
mogenesis is accompanied by several changes in brown 
adipose tissue morphology and function, including increases 
in tissue mass, protein content, and DNA content [3, 16, 24, 
25, 27, 28, 38]. Cold-induced thermogenesis also increases 
brown adipose tissue lipoprotein lipase activity in rats [1,26] 
and hamsters [8]. The second experiment examined these 
measures in chow-fed and fat-fed hamsters, in order to de- 
termine whether the observed differences in thermogenesis 
would be accompanied by differences in brown adipose tis- 
sue function. 


METHOD 


Nineteen chow-fed male hamsters were divided into two 
groups matched for food intake and body weight. One group 
(n=10, mean body weight=88 g) continued on the chow diet. 
The other group (n=9, mean body weight 87 g) was switched 
to the high-fat diet. Food intake was measured 24 hr after 
diets were switched and twice a week thereafter. 

After 3 weeks on the two diets, hamsters were killed, and 
epididymal fat pads were taken for assay of lipoprotein lipase 
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FIG. 6. Lipoprotein lipase activity in epididymal white adipose tis- 
sue (WAT) and interscapular brown adipose tissue (BAT) of male 
hamsters fed chow or a high-fat diet. Asterisk indicates p<0.01 ver- 
sus chow-fed group. 


activity. Lipoprotein lipase activity, protein content, and 
DNA content were measured in interscapular brown adipose 
tissue. A blood sample was taken for measurement of cir- 
culating triglycerides when the animals were killed. 


RESULTS 


As in Experiment 1, the fat-fed hamsters increased their 
weight gains without overeating. Over the 3 weeks of the 
experiment the fat-fed animals more than tripled their rate of 
weight gain (Fig. 5). At no time did these animals overeat 
(data not shown), and, in fact, they showed nearly perfect 
caloric compensation within 24 hr (intake= 105% of chow-fed 
controls). 

As expected, fat-feeding decreased brown adipose tissue 
lipoprotein lipase activity (—62%, p<0.01), but there was no 
change in epididymal fat pad enzyme activity (Fig. 6). 
Plasma triglyceride levels were slightly, but not significantly, 
higher in the fat-fed animals (chow=2.47+0.16 mM, high- 
fat=2.84+0.19 mM). 

Epididymal fat pad weight more than doubled (p<0.01) in 
fat-fed hamsters, but contrary to expectation, interscapular 
brown adipose tissue mass also increased (+80%, p<0.01) in 
the fat-fed group (Fig. 7). Brown adipose tissue protein 
(+47%, p<0.01) and DNA (+32%, p<0.05) contents were 
also increased in fat-fed hamsters (Table 1). 


DISCUSSION 


The increases in brown adipose tissue mass, protein con- 
tent, and DNA content in fat-fed hamsters which show an 
increased efficiency in weight gain were unexpected, to say 
the least. In other species or in cold-acclimated hamsters, 
increases in these measures are associated with increased, 
not decreased, thermogenesis [3, 16, 24, 25, 38]. The in- 
crease in DNA content suggests that there is tissue 
hyperplasia, and the increased protein levels suggest that 
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FIG. 7. Weight of interscapular brown adipose tissue (BAT) and 
epididymal white adipose tissue (WAT) of male hamsters fed chow 
or a high-fat diet. Asterisk indicates p<0.01 versus chow-fed group. 


fat-fed hamsters might exhibit an increase in thermogenic 
capacity, even though their actual resting thermogenic ac- 
tivity is reduced (Experiment 1). 

The highly-significant decrease in brown adipose tissue 
lipoprotein lipase activity (—62%), when coupled with the 
absence of significant changes in circulating triglyceride 
levels, suggests that brown adipose tissue triglyceride uptake 
is reduced substantially in fat-fed hamsters. On the other 
hand, white adipose tissue lipoprotein lipase activity was 
unaffected by diet. This pattern of enzyme activity and the 
changes in carcass composition (Experiment 1) seem to indi- 
cate that in fat-fed hamsters circulating triglyceride is di- 
rected away from brown adipose tissue and into white 
adipose tissue storage depots. 


EXPERIMENT 3 


If fat-fed hamsters have an increased thermogenic capac- 
ity, then norepinephrine-stimulated oxygen consumption 
should also be enhanced in these animals. Experiment 3 
tested this prediction. 


METHOD 


Sixteen chow-fed male hamsters were divided into two 
groups (n=8 each) matched for food intake and body weight 
(mean body weight=93 g, both groups). One group contin- 
ued on the chow diet, and the other group was switched to 
the high-fat diet. Food intake was measured 24 hr after diets 
were switched and two times a week thereafter. After three 
weeks on the two diets, oxygen consumption was measured. 
Basal thermogenesis was measured under deep anesthesia. 
Then the anesthetized animals were injected with norepi- 
nephrine, and oxygen consumption was measured again. 


RESULTS 


Once again, the fat-fed hamsters more than tripled their 
weight gains (Fig. 5) without overeating (data not shown). As 
in Experiment 2, the fat-fed animals compensated for the 


TABLE | 


INTERSCAPULAR BROWN ADIPOSE TISSUE PROTEIN 
AND DNA CONTENT IN MALE HAMSTERS FED CHOW OR 
HIGH-FAT DIET FOR 3 WEEKS 





DNA 
(wg/fat pad) 


Protein 
Diet (mg/fat pad) 





30.8 + 2.2 354 + 28 
45.3 + 4.2* 460 + 41* 


Chow 
High-fat 





*n<0.05 versus chow-fed group. 
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FIG. 8. Oxygen consumption of male hamsters fed chow or a high- 
fat diet. Animals were tested when deeply anesthetized and follow- 
ing a subcutaneous injection of norepinephrine. Asterisk indicates 
p<0.01 versus chow-fed group. 
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increased caloric density of the diet within 24 hr (mean in- 
take=96% of chow-fed controls). 

Oxygen consumptions of the two diet groups did not dif- 
fer under anesthesia, as in Experiment | (Fig. 8, left). After 
injection of norepinephrine the fat-fed hamsters consumed 
significantly more oxygen than the chow-fed group (+29%, 
p<0.01), and the increment caused by norepinephrine was 
41% greater (p<0.01) in the fat-fed group than in the chow- 
fed controls (Fig. 8). 


DISCUSSION 


These results are consistent with the findings of both Ex- 
periments | and 2. Fat-fed hamsters more than tripled their 
feed efficiency, but they also exhibited a substantial increase 
in norepinephrine-stimulated oxygen consumption. The in- 
creases in tissue mass, protein content, and DNA content 
which were noted in Experiment 2 suggest that hypertrophy 
and hyperplasia of brown adipose tissue might play an im- 
portant role in this increased thermogenic capacity of fat-fed 
hamsters. 

Although fat-fed hamsters may have an enhanced capac- 
ity for thermogenesis, they actually use only a fraction of this 
capacity when at rest at room temperature (23°C). If the 
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norepinephrine-stimulated oxygen consumptions of Experi- 
ment 3 (Fig. 8, right) are taken as the maximum thermogenic 
capacity and the awake-resting oxygen consumptions of Ex- 
periment | (Fig. 4, left) are taken as normal resting ther- 
mogenesis, then resting fat-fed hamsters are using only 24% 
of their thermogenic capacity, whereas the chow-fed animals 
are using 38% of theirs. 

The increased thermogenic capacity of fat-fed hamsters 
could be due to changes in brown adipose tissue mass and 
composition, but it is not clear what role, if any, brown 
adipose tissue plays in the decreased resting thermogenesis 
and increased feed efficiency of these animals. Brown 
adipose tissue lipoprotein lipase activity may provide some 
information about thermogenic activity (as opposed to ther- 
mogenic capacity) in hamsters. Cold (4°C) adaptation or es- 
tradiol treatment decreases carcass lipid levels and feed ef- 
ficiency and increases thermogenesis in hamsters, and each 
of these treatments increases hamster brown adipose tissue 
lipoprotein lipase activity [8]. Thus, the 62% decrease in 
brown adipose tissue lipoprotein lipase activity which was 
observed in fat-fed hamsters (Experiment 2) is certainly 
consistent with a reduction in brown adipose tissue heat pro- 
duction. Of course, these findings clearly do not rule out 
changes in thermogenesis by other organs as a significant 
factor in energy balance. 


GENERAL DISCUSSION 


Dietary obesity is seen in both rats and hamsters, but the 
two species become obese for different reasons. When given 
palatable diets, rats overeat and gain weight. However, this 
overconsumption of palatable diets is accompanied by in- 
creases in energy expenditure, or diet-induced ther- 
mogenesis, and the rats store only a fraction of the excess 
energy which is consumed. That is, rats exhibit dietary obe- 
sity in spite of changes in energy expenditure. 

Hamsters, on the other hand, seem to show dietary obe- 
sity because of changes in energy expenditure. Hamsters did 
not overeat when given ad lib access to preferred foods. 
Hamsters will consume large quantities of sweet solutions 
[31] and seem to prefer a sucrose solution over chow as a 
source of food (Fig. 1), but they do not overeat when given 
ad lib access to chow and a sucrose solution (Figs. | and 2). 
Similarly, hamsters prefer a high-lipid food such as 
sunflower seeds to chow [2], but they do not overeat when 
their diet is supplemented with sunflower seeds [2] or when 
they are given a composite high-fat diet (Fig. 2). The rapid 
(within 24 hr) and accurate compenatory changes in intake 
which are seen when diets are changed are consistent with 
the suggestion [30] that in hamsters food intake is quite re- 
sponsive to short-term metabolic or hormonal satiety 
signals. The fact that the obese fat-fed hamsters did not de- 
crease their caloric intakes (or increase their energy expendi- 
ture) is also consistent with the suggestion [30] that they are 
not particularly responsive to signals related to long-term 
energy stores (fatness). 


WADE 


The increased feed efficiency, increased carcass energy 
content, decreased resting oxygen consumption, and un- 
changed caloric intake of fat-fed hamsters all suggest that 
reduced energy expenditure is responsible for the observed 
weight gains. Although a number of factors may contribute 
to this reduction in energy expenditure (Experiment 1, Dis- 
cussion), a reduction in thermogenesis in brown adipose tis- 
sue could play an important role. Brown adipose tissue 
lipoprotein lipase activity, which may be a useful index of 
thermogenic activity in hamsters [8], is significantly reduced 
in fat-fed hamsters (Fig. 6). The nature of the metabolic 
and/or neural signals which are responsible for the reduction 
in energy expenditure is not clear, just as the metabolic 
signals which lead to diet-induced thermogenesis in rats are 
not well understood. 

Although fat-fed hamsters exhibit decreases in energy ex- 
penditure (and perhaps in brown adipose tissue ther- 
mogenesis), they also have an enhanced thermogenic capac- 
ity as well as an increase in brown adipose tissue mass, 
protein content, and DNA content. This decreased resting 
thermogenesis in the presence of increased thermogenic ca- 
pacity was unexpected and, to the best of my knowledge, has 
not been reported previously. Typically, actual thermogenic 
activity and thermogenic capacity are positively correlated. 

The function, if any, of these seemingly paradoxical 
changes in thermogenic activity and capacity are not im- 
mediately obvious. However, it is possible that a diet- 
induced reduction in energy expenditure coupled with an 
increase in thermogenic capacity could be of some value in 
preparing for winter. The reduced energy expenditure would 
permit the animal to increase carcass lipid stores, which 
would provide insulation as well as a fuel depot, without 
placing extraordinary demands on the food supply (or 
hoard). The increased thermogenic capacity would be of 
value in maintaining body temperature in the face of declin- 
ing environmental temperatures. 

Do diet-induced changes in thermogenesis and ther- 
mogenic capacity occur in the wild? Because we are uncon- 
strained by data on wild golden hamster diet and metabo- 
lism, we are free to speculate. It is possible to imagine that 
during the fall more lipid-containing seeds may be available 
or that the avidly-hoarding hamster [20] begins storing more 
seeds in its burrow. An increasingly lipid-rich diet could then 
cause the hamster to become fatter and increase its capacity 
to generate heat as winter approaches. 
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MASON, J. R. AND T. H. MORTON. Temporary and selective anosmia in tiger salamanders (Ambystoma tigrinum) 
caused by chemical treatment of the olfactory epithelium. PHYSIOL. BEHAV. 29(4) 709-714, 1982.—Tiger salamanders 
(Ambystoma tigrinum) were trained to respond to two dissimilar odorants (i.e., cyclohexanone, dimethyl! disulfide) but not 
to a third odorant (n-butanol ). When the training criterion was met, the animals were anesthetized and given nasal lavages 
of saline or odorants in saline. Lavage with cyclohexanone decreased responding to cyclohexanone but not dimethyl 
disulfide, and vice-versa, in later behavioral tests. Likewise, ethyl acetoacetate lavage produced selective response 
decrements to cyclohexanone. Lavage with n-butanol had no effect on responding to presentations of either cyclohexanone 
or dimethyl disulfide. The effects of lavage increased with increasing odorant concentration. Thus, lavage with 0.05 M 
cyclohexanone or ethyl acetoacetate produced more persistent response decrements than lavage with 0.01 M concentrations 
of either odorant. Such results are consistent with several testable interpretations, including the possibility the response 
decrements could reflect the nature of odorant-receptor interactions. 


Odorants Transduction Binding 


Behavioral discrimination 


Tiger salamanders 


NACHBAR and Morton [15], Price [16] and Rhein and 
Cagan [17] have proposed models of olfactory reception in 
which (a) odorant molecules are reversibly and loosely 
(K4>10~-* M) bound to a receptor, and (b) each receptor can 
bind to any one of several chemically related odorants. 
Given that receptors with such properties may exist, plausi- 
ble hypotheses can be formulated regarding the chemical 
nature of the receptor-odorant interactions. The visual pig- 
ment rhodopsin provides a well studied example of an or- 
ganic molecule (retinal) that is specifically bound to a protein 
in vertebrate sensory systems [14]. The mechanism of bind- 
ing is covalent (i.e., Schiff base formation: C=O conversion 
to C=N) and it is observed in other protein-substrate in- 
teractions. For example, the bacterial enzyme acetoacetate 
decarboxylase (AAD, from Clostridium acetobutylicum, 
[19]), binds to a variety of low molecular weight ketones and 
aldehydes. Morton and co-workers have studied the active 
site of AAD (1) and have reported that cyclohexanone is 
bound covalently as a Schiff base (2) and that such com- 
pounds as ethyl acetoacetate are competitive inhibitors of 





the binding [13]. If Schiff base formation also plays a role in 
the detection of cyclohexanone in vertebrate olfaction, lav- 
age of the olfactory epithelium with ethyl acetoacetate 
should block or inhibit detection of cyclohexanone. 

In the present investigation, we explored whether behav- 
ioral evidence could be obtained that was consistent with the 
notion of such a binding mechanism for the detection of cy- 
clohexanone by tiger salamanders (Ambystoma tigrinum). 
Tiger salamanders were used for three reasons. First, their 
olfactory systems have been well-studied electrophysiologi- 
cally [5,6]. Second, their olfactory epithelia are more acces- 
sible to a direct chemical treatment than the epithelia in other 
air-breathing vertebrates, permitting simple administration 
of odorant solutions directly to the mucosa. Third, tiger 
salamanders can be conditioned to respond to olfactometric 
presentations of reagent grade odorants [10,11] and some 
evidence suggests that tiger salamanders show self- and 
cross-adaptation among a variety of odorants [9]. In addition 
to the findings already available on cyclohexanone/AAD in- 
teractions, cyclohexanone was chosen as an example of a 
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carbonyl containing odorant because it evokes elec- 
trophysiologically detectable responses in the olfactory 
bulbs of tiger salamanders when it is applied to the 
epithelium, and is an effective stimulant for all areas of the 
epithelial surface [7]. 


METHOD 

Subjects 

The subjects were 27 land-phase tiger salamanders pur- 
chased from Amphibians of North America, Nashville, TN. 
While in the laboratory, the animals were refrigerated at 
5-8°C in plastic boxes lined with paper towels moistened in 
dechlorinated water. Thirty minutes before each experi- 
mental session, the salamanders were removed from the 
refrigerator and placed in plastic tubs. Each tub contained 
about 100 ml of dechlorinated water. Testing occurred in a 
room whose temperature varied between 20-24°C. 


Odorants 


The odorants were cyclohexanone (MCB), dimethyl di- 
sulfide (Sigma), ethyl acetoacetate (MCB) and n-butanol 
(Eastman Kodak). All of the odorants, except dimethyl di- 
sulfide, were reagent grade. The dimethyl disulfide was 
commercial grade and was used without further purification. 


Apparatus 


The apparatus was identical to that described by Mason, 
Meredith and Stevens [12]. A diagram is given in Fig. 1. A 
flow dilution olfactometer [4] which generated air-dilutions 
of cyclohexanone (3.1x10-® M), dimethyl disulfide 
(8.4x 10-® M, 2.6 10~® M) and n-butanol (1.6 10-® M) was 
connected to a stainless steel conditioning chamber via a 
Dravnieks glass sniffing port (an eliptical glass funnel) that 
passed through the front wall of the conditioning chamber. 
Salamanders were placed in the conditioning chamber so 
that their heads rested in the sniffing port and odorants were 
delivered to the port via separate pieces of Teflon spaghetti 
tubing. Odorant concentrations were determined by measur- 
ing the volume of air passed over the odorant in the generat- 
ing vessel of the olfactometer and the odorant’s consequent 
weight loss in a 120 minute period. 


Procedure 

The salamanders were randomly assigned to two groups 
and each group was given avoidance acquisition training as 
described elsewhere [10,11]. During training and testing, 15 
second pulses of odorant-air mixture were delivered to the 
salamanders in the sniffing port. Immediately after a presen- 
tation of cyclohexanone or dimethy] disulfide (S* odorants), 
a 300 W projector lamp was turned on to produce an aversive 
light reinforcer [8]. The lamp was fitted with a condensing 
lens and was directed into the front of the conditioning 
chamber from 12 cm above. Although a small amount of 
radiant heat reaching the animal might have contributed to 
the aversive character of the stimulus, the light presentations 
did not appreciably change the temperature (<1°C) near the 
sniffing port over the course of the experiment even though 
they continued for 20 seconds, or until the salamander 
backed away from the sniffing port. If backing away oc- 
curred during presentations of the S* odorants, an avoidance 
response was scored. However, if backing away occurred 
after light onset, an escape response was scored. Unrein- 


MASON AND MORTON 


To Exhaust 





From Compressor 


silica gel 

charcoal 

glass wool 

gas-washing bottle 
rotameters 

odorant generating vessels 
solenoid valves 

vacuum pump 

light (negative reinforcer) 
J conditioning chamber 

V stopcocks 

Pd needle valves 


-zra7™™m™ooo> 





w® see caption 


FIG. 1. Diagram of the experimental apparatus. Odorant concentra- 
tions were determined by capillary tubing located at (*). These tubes 
limited the amount of odorized air mixed with filtered air as it flowed 
to the solenoid valves. 


forced presentations of n-butanol (S~ odorant) were ran- 
domly interspersed with presentations of the S* odorants. 
Such presentations provided a day-to-day measure of differ- 
ences in each animal's level of responsivity and an assess- 
ment of whether conditioning to the S* odorants had oc- 
curred. Butanol was chosen as the S~ odorant because pre- 
vious studies had shown that tiger salamanders can be con- 
ditioned to respond to it [11,12]. 

During acquisition, Group | was given eight randomly 
interspersed presentations of cyclohexanone (3.1 x 10~® M), 
dimethy] disulfide (8.4 10-® M) and n-butanol (1.6 10-® M) 
for a total of 24 trials per day. Group 2 was presented with a 
lower concentration of dimethyl! disulfide (2.6 10-® M) but 
the same concentrations of cyclohexanone and n-butanol as 
the other group. For both groups, training continued until 
avoidance responses were made on 75% of the S* presenta- 
tions but only 25% or fewer of the S~ presentations. On the 
day the criterion was met, each animal was anesthetized by 
immersion in a 0.5% aqueous solution of Tricaine [3] for 20 
minutes. Anesthetized animals were given nasal lavages of 
0.9% saline or odorants in 0.9% saline, approximately 100 jl in 
each naris. Solutions were injected into the olfactory sacs via 
the external nares and excess fluid was absorbed at the inter- 
nal nares with paper wickes. Lavage in all cases took less 
than two minutes. For Group 1, three animals were given a 
lavage of 0.05 M cyclohexanone, four were given lavages of 
0.05 M ethyl acetoacetate, two were given lavages of saline 
and one was anesthetized but given no lavage as a control for 
the effects of anesthesia. For Group 2, three animals were 
lavaged with 0.0001 M cyclohexanone, three with 0.001 M 
ethyl acetoacetate, and three with 0.05 M n-butanol. Each 
naris was rinsed with 100 yl of saline immediately following 
odorant lavage and two minutes later, each animal was 
rinsed in dechlorinated water and placed in tubs containing 
100 ml of dechlorinated water to recover from anesthesia. 
After recovery, the animals were returned to the re- 
frigerator. Twelve hours after lavage and, subsequently, be- 
tween 1000-1200 and 1400-1600 hours on each day until re- 
covery of pre-lavage levels of responding, all animals were 
tested with reinforced presentations of cyclohexanone (8 
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FIG. 2. Mean conditioned responding to cyclohexanone (3.1 10~® 
M), dimethyl disulfide (8.4 10-® M, 2.6x10-® M) and n-butanol 
(1.6x 10-® M) during acquisition. Responses to both concentrations 
of dimethyl! disulfide are presented as one curve because there were 
no significant differences between animals trained with one concen- 
tration and those trained with the other. Capped bars represent 
standard errors of the mean. 


trials) and dimethyl] disulfide (8 trials), and unreinforced pre- 
sentations of n-butanol (8 trials). When pre-lavage levels 
were reached, animals from Group | were again anesthetized 
and five were randomly selected and given lavage with a 0.05 
M dimethyl! disulfide solution, two were given lavage with 
saline and one was given anesthesia but no lavage. Then 
these animals were given test sessions as described above for 
five days. For Group 2, because virtually no effect was ob- 
served over four test days, the lavage procedure was re- 
peated and four randomly selected animals were given lav- 
age with 0.01 M cyclohexanone, two were given lavage with 
0.01 M ethyl acetoacetate and one was lavaged with 0.05 M 
n-butanol. The animals were tested until responding re- 
turned to pre-lavage levels. 

To determine whether lavage caused gross physical dam- 
age to the olfactory epithelium, whole head sections of eight 
untrained animals were examined by light microscopy. Two 
animals were given no lavage, two were given a saline lav- 
age, two were given lavage with 0.05 M cyclohexanone and 
two were given lavage with 0.05 M ethyl acetoacetate. The 
animals were sacrificed 24 hours after lavage. For histology, 
animals were anesthetized in a 0.5% aqueous solution of 
Tricaine and perfused through the heart with 10% buffered 
Formalin. After two days in buffered Formalin, the heads 
from the animals were immersed in sodium citrate decalcifi- 
cation fluid for 14 days. After decalcification, the heads were 
embedded in paraffin and 10 uw horizontal sections were cut 
throughout the entire dorsoventral extent of the anterior 
cranial cavity. These sections were stained with luxol fast 
blue and cresyl violet (Kluver-Barrera) so that the extent of 
gross damage to the olfactory epithelium by the lavage pro- 
cedure could be assessed. No differences could be observed 
between untreated animals and animals that had been given 
saline or odorant lavage. 


RESULTS 


The results were assessed with three-way analyses of 
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FIG. 3. (a) Mean conditioned responding to cyclohexanone 
(3.1x10-® M), dimethyl disulfide (8.4x10-® M) and n-butanol 
(1.6x 10~® M) following lavage with 0.05 M cyclohexanone in saline. 
(b) Mean conditioned responding to cyclohexanone (3.1 x 10-® M), 
dimethy] disulfide (8.4 x 10-® M) and n-butanol (1.6 10-® M) follow- 
ing lavage with 0.05 M ethyl acetoacetate in saline. Capped bars 
represent standard errors of the mean. 


variance with repeated measures on two factors (i.e., test 
session; odorant). There were no differences among groups 
during avoidance acquisition training (p >0.25). All animals 
reached the avoidance criterion within 22 days (Fig. 2). 

Odorant lavage produced significant, F(7,21)=2.6, 
p<0.05, but temporary, F(28,84)=3.2, p<0.05, response de- 
crements. Such decrements were influenced by the odorant 
presented during lavage, F(8,56)=2.7, p<0.01. Tukey 5 tests 
[20] were used to isolate significant differences among 
means. Lavage with 0.05 M cyclohexanone or 0.05 M ethyl 
acetoacetate significantly decreased responding to presenta- 
tions of cyclohexanone (ps<0.05) but not to dimethyl! disul- 
fide or n-butanol (ps>0.25) (Fig. 3). Response decrements 
produced by 0.05 M cyclohexanone or ethyl acetoacetate 
lavage were not significantly different (p >0.25) and dissi- 
pated over the course of 9 test sessions. Lavage with saline 
had no effect on responding to any of the odorants (p >0.25) 
and anesthesia alone produced no measured effects (p >0.25) 
(Fig. 4). 
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FIG. 4. (a) Mean conditioned responding to cyclohexanone 
(3.1x10-® M), dimethyl disulfide (8.4x10-® M) and n-butanol 
(1.6 10-® M) following lavage with saline. (b) Mean conditioned 
responding to cyclohexanone (3.1<x10-® M), dimethyl disulfide 
(2.6x10-® M) and n-butanol (1.6x10-® M) following anesthesia 
alone. Capped bars represent standard errors of the mean. 


Lavage with 0.001 M cyclohexanone or ethyl acetoace- 
tate produced no measured effects on responding (ps>0.25). 
Lavage with 0.01 M cyclohexanone or ethyl acetoacetate 
produced significant decrements in responding to cy- 
clohexanone (ps<0.05) but not to dimethyl disulfide or 
n-butanol (ps>0.25) (Fig. 5). Response decrements produced 
by 0.01 M cyclohexanone or ethyl acetoacetate lavage were 
not significantly different (p>0.05) and dissipated over the 
course of six test sessions. As such, response decrements 
produced by 0.01 M lavage of cyclohexanone or ethyl 
acetoacetate were less persistent than those produced by 
0.05 M lavages with either compound (p<0.05). 

Lavage with 0.05 M n-butanol had no effect on respond- 
ing to presentations of cyclohexanone or dimethy] disulfide 
(p >0.25) (Fig. 6). 

Lavage with 0.05 M dimethyl disulfide decreased respond- 
ing to presentations of dimethyl disulfide (p<0.05) but not 
cyclohexanone. Response decrements produced by dimethyl 
disulfide lavage dissipated over the course of seven test ses- 
sions (Fig. 7). As such, decrements produced by dimethyl 
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FIG. 5. (a) Mean conditioned responding to cyclohexanone 
(3.1x10-® M), dimethyl disulfide (2.6x10-® M) and n-butanol 
(1.6x 10-* M) following lavage with 0.01 M cyclohexanone. (b) Mean 
conditioned responding to cyclohexanone (3.1 x 10~* M), dimethyl 
disulfide (2.6 10-* M) and n-butanol (1.6 10~® M) following lavage 
with 0.01 M ethyl acetoacetate. Capped bars represent standard 
errors of the mean. 


disulfide were less durable than those produced by 0.05 M 
cyclohexanone or ethyl acetoacetate (ps<0.05). 


DISCUSSION 


The results of the present experiment demonstrate that 
chemical lavage of the olfactory epithelium can produce a 
selective and temporary anosmia. Lavage with cy- 
clohexanone influenced responding to presentations of cy- 
clohexanone, but not dimethyl disulfide, and vice-versa. 
Likewise, lavage with ethyl acetoacetate selectively influ- 
enced responding to presentations of cyclohexanone. Lav- 
age with saline or n-butanol had no measured effect on re- 
sponding to presentations of either S* odorant. Moreover, 
the effects were concentration dependent: lavage with more 
concentrated solutions resulted in more profound response 
decrements. Because the effects of lavage were selective and 
because response decrements after 0.05 M lavage of cy- 
clohexanone or ethyl acetoacetate were more persistent than 
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FIG. 6. Mean conditioned responding to cyclohexanone (3.1 1076 
M), dimethy] disulfide (2.6 10-® M) and n-butanol (1.6 10-* M) 
following lavage with 0.05 M n-butanol. Capped bars represent stand- 
ard errors of the mean. 


decrements after lavage with 0.05 M dimethyl! disulfide, we 
suggest that cyclohexanone and ethyl acetoacetate produced 
the same effect(s) on the olfactory system and that such 
effects were different from those produced by dimethyl! di- 
sulfide. The nature of such lavage-induced effects and of 
differences between them remain questions for additional 
research but several testable hypotheses can be offered. One 
such hypothesis is that the order of experimental treatments 
(i.e., cyclohexanone or ethyl acetoacetate lavage followed 
by dimethy] disulfide lavage) affected responding. A replica- 
tion of the present experiment with completely counterbal- 
anced treatments would address this question. Another hy- 
pothesis is that lavage selectively destroyed olfactory recep- 
tor cells. This possibility seems unlikely since recovery of 
responding after any of the lavage treatments was too brief 
for regeneration of olfactory neurons to occur [18] and light 
microscopic examination of lavaged tissue suggested that 
gross damage had not occurred. Of course, more subtle 
damage (e.g., to receptor cilia) may have occurred. Addi- 
tional studies using scanning electron microscopy and differ- 
ent staining procedures for light microscopy would be re- 
quired to test this notion. A third hypothesis is that the odor- 
ants were differentially retained by the mucus layer. Since 
dimethyl disulfide is not only more volatile than cy- 
clohexanone (b.p. 110° versus 155°C), but is also less soluble 
in water, its residence time in the mucus may be substan- 
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FIG. 7. Mean conditioned responding to cyclohexanone (3.1 x 10~® 
M), dimethyl! disulfide (2.6 10-® M) and n-butanol (1.6 10-® M) 
following lavage with 0.05 M dimethy] disulfide. Capped bars repre- 
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tially shorter. However, this explanation is difficult to 
reconcile with the durability of response decrements after 
any odorant lavage (several days) and is complicated by the 
possibility that lavage-induced decrements were influenced 
by refrigeration of the animals between tests. A fourth hy- 
pothesis is that there were intrinsic differences in the proc- 
esses underlying the response decrements produced by lav- 
age with each chemical. It seems plausible that 0.05 M di- 
methyl! disulfide could have activity equivalent to that of a 
lower concentration of the other chemicals. Tiger salaman- 
ders are differentially sensitive to various odorants [9,10]. A 
fifth hypothesis is that dimethyl disulfide could be bound to 
receptors in a fashion different from that in which cy- 
clohexanone or ethyl acetoacetate are bound. For example, 
the durability of response decrements after lavage with cy- 
clohexanone or ethyl acetoacetate might reflect reversible 
covalent bonding. As such, although the results of the pres- 
ent experiment do not validate our hypothesis that Schiff 
base formation plays a role in vertebrate olfaction, the re- 
sults are consistent with that possibility. 
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JOHNSON, K. G. AND M. CABANAC. Homeostatic competition in rats fed at varying distances from a thermoneutral 
refuge. PHYSIOL. BEHAV. 29(4) 715-720, 1982.—Rats were fed in an air temperature of — 15°C at distances of 1, 2, 4, 8 or 
16 m from a thermoneutral refuge. As the distance between the feeder and thermoneutrality increased, the number of 
excursions to feed decreased from 37+5 to 7+1 during the 2-hour feeding sessions; concomitantly, the meal duration 
increased from 1.2 to 5.2 min. The rate of eating and total feeding time were the same at all distances. The mass of food 
ingested was also constant except for a slight decline at 16 m. Meal duration was strongly correlated (r=0.9) with the time 
taken to reach the feeder at each distance while the estimated cost/benefit of feeding episodes increased with distance. 
Estimates of body temperature indicated that significant falls in skin temperature occur over even short distances, while 
over greater distances core temperature probably also decreases. In the range of distances studied, rats accorded their 
hunger drive a higher priority than thermal preference, and chose to feed while tolerating greater thermal disturbance. 


Competition Conflict Food intake 


Temperature regulation 
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IF free to do so, endotherms inhabit microenvironments 
where the temperature is close to their thermoneutral zone. 
If this environment does not provide all requirements for life, 
an animal is obliged to leave the thermal preferendum occa- 
sionally in order to pursue other necessities. During such 
periods, behavioral temperature regulation will be suppres- 
sed, and body temperature control will be effected by alter- 
native autonomic mechanisms. Temperature regulation thus 
involves a preferred behavioral response, and a tolerated 
autonomic response which is used when the behavioral 
mechanism has been preempted for another purpose. One of 
the behavioral drives likely to force an animal to forego its 
thermal preferendum is the need to forage for food. This 
drive, too, can elicit various patterns of response depending 
on the food availability. Animals have been found to feed 
more frequently and consume less at each meal when the 
costs of search and procurement of food are low, than when 
the costs are high [2]. 

When the drives to forage and to seek a thermal preferen- 
dum compete for the behavioral final common path [11], the 
existence of flexible responses in these two homeostatic sys- 
tems permits considerable behavioral adjustment which 
presumably reduces the strains arising from the conflict. 
Such modifications were observed in a previous study of 
competition between temperature regulation and hunger [6] 
when rats made extensive changes in their behavior but, 
apart from these, gave little indication of thermal or nutri- 
tional disturbance. In order to study further the behavioral 
and autonomic adjustments of homeostatic systems compet- 
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ing for use of the single behavioral mechanism, we have 
sought in the present experiment to sharpen the conflict be- 
tween hunger and temperature regulation. A_ naturally 
occurring dilemma faced by many homeotherms has been 
simulated with rats in the laboratory by making food availa- 
ble in extreme cold at varying distances from a thermoneut- 
ral refuge. 


METHOD 


Six female Wistar rats (body weight 274+8 g, S.E.) were 
conditioned to receive food (Purina chow) only during a 
fixed 2-hour period each day from 10:00 to 12:00 in their 
home cage at the animal quarters. Except as detailed below 
they were kept and fed at an air temperature (T,,) of 25°C and 
they had ad lib access to water. 

The experimental apparatus was a Zig-zag alley con- 
structed within an open wooden box (1 m X2 m X 400 mm 
high) by fitting, at 100 mm intervals, a series of partitions 
having doors 65 mm wide at alternate ends (Fig. 1). The 
distance between one end of the alley and the other was 16 
m. The floor of the box was wire-mesh to promote ventila- 
tion, and the walls of the alley were painted black to reduce 
any light-aversion in the experimental animals. At one ex- 
tremity of the zig-zag alley a plastic ““home”’ with a sawdust 
floor was heated from above by an infra-red lamp controlled 
so that the temperature inside a sealed bottle below the lamp 
was 20-25°C. The size of the bottle was approximately that 
of a rat. The bottle thus provided a rat’s operative tempera- 
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FIG. 1. The zig-zag alley sited in a climatic chamber at T,=— 15°C, 
the thermoneutral ‘‘home’”’ (closest alley, right side) maintained at 
an operative temperature (T,,,) of 25°C by an infra-red lamp. Animals 
were offered food at 1, 2, 4, 8 or 16 m distance from the ‘“‘home.”’ 
The feeding arrangement, in this diagram at 16 m, shows the food 
container adjacent to a vacuum flask of water below a red lamp of 
negligible heating capacity. When feeding, the animal stood on a 
switch (S), similar to others outside the home and at distances of 1, 
2, 4 and 8 m, which signalled the presence of the animal on a re- 
corder (R). 


ture. Twenty-five degrees C was chosen as being midway 
between the rats’ usual ambient temperature in animal quar- 
ters (20-21°C) and their thermal neutrality (29-31°C) [3,18]. 

For 3 weeks before experiments began, the rats were fed 
chow in the alley at T, 25°C to accustom them to the appara- 
tus. During each of the following 6 weeks, the feeding on one 
day of the week for each animal was carried out at T, — 15°C. 
The other days, the rats were fed from 10:00 to 12:00 in their 
home cage. For the first 5 weeks, the food was placed pro- 
gressively further from the thermoneutral home, at distances 
of 1, 2, 4, 8 and 16 m respectively. Only one session per rat at 
—15°C was scheduled each week in order to avoid cold 
acclimatization. Although the animals were in the cold 
chamber for only 2 hours per week, and actually under the 
infra-red lamp for much of that time, it was possible that they 
became increasingly acclimated to cold. To check this 
possibility, a cold exposure with food offered 1 m from the 
home was repeated during the sixth week. Between weekly 
experimental sessions rats were fed at least once in the alley 
at T, 25°C to sustain their familiarity with running the total 16 
m between the home and food. 

The experimental sessions at T, —15°C involved measur- 
ing food consumption and monitoring the movements of the 
rats between the home box and the food during standard 
2-hour feeding periods. Microswitches at the door of the 
home and at the 5 feeding sites signalled on a polygraph 
when the rat was eating, or passing switches to or from a 
distant feeding site. Pellets of chow were powdered to pre- 
vent the animals transporting and hoarding them in the 
home. Water available from a vacuum flask to prevent freez- 
ing was immediately adjacent to the food in all experiments. 
A cool red bulb was illuminated above the feeding site as a 
control for the infra-red lamp above the home. 

Preliminary trials to measure body temperatures of rats 
during feeding were unsuccessful because the animals were 
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FIG. 2. (a) The mass of food eaten in 2 hours, (b) the speed of eating, 
obtained by dividing a by c, and (c) the total time spent eating during 
2 hours, plotted as functions of the distance between the feeder and 
the thermoneutral ‘“‘home.’’ The results depicted as (©) are values 
remeasured at | m after recording at all 5 distances; the results 
depicted as (VY) are values measured on the same animals under 
similar conditions 3 months previously. In each graph, means not 
underlined by the same line (x—x) are significantly different 
(p<5%). 


obviously distracted by the attached thermocouples. In 
order to have some indication of the body temperatures 
experienced by the rats during feeding in the cold, measure- 
ments of body temperatures were made during timed cold 
exposures after completion of the series of feeding trials. For 
each animal, the mean time spent feeding in the cold was 
calculated from polygraph records. Each rat was then ex- 
posed unrestrained in the experimental apparatus for this 
period to T, —15°C while measurements were made of col- 
onic temperature (T,,,,) and of skin temperature (T,) at the tip 
of the tail, as described previously [6]. 

The significance of differences between means was de- 
termined by an analysis of variance and the Duncan multiple 
range test [15]. In the following graphs, means not under- 
lined by the same line (x—x) are significantly different 
(p<5%). When several lines are present small xs indicate the 
values involved. 


RESULTS 


In these experiments, the distance between the home and 
the food was increased progressively from | to 16 m in order 
to simulate conditions where an animal has to forage further 
and further from its home. Since this order of treatments 
could result in the animals becoming increasingly acclimated 
to cold, the initial measurements at | m were repeated at the 
end of the series; the duplicate values are included in the 
following graphs as open circles. The same rats had also 
been used in a previous study [6] at —15°C T, involving 
feeding powdered chow | m from a thermoneutral refuge. 
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FIG. 3. (a) Mean number of meals taken, (b) mean meal duration, 
and (c) total time exposed to cold at each distance. These latter 
values are derived by multiplying the time for each excursion (Fig. 4) 
by the number of excursions (Fig. 3a) and adding the product to the 
total time spent feeding at each distance (Fig. 2c). The results de- 
picted as (©) are values remeasured at | m after recording at all 5 
distances; the results depicted as (V) are values measured on the 
same animals under similar conditions 3 months previously. In each 
graph, means not underlined by the same line (x—x) are significantly 
different (p<5%). 


These results too served to check the reliability of the pres- 
ent observations; they are shown in the graphs as open 
triangles. Both additional sets of data confirmed that the 
responses at | m were repeatable over a period of 3 months 
and were not due to varying degrees of acclimation to cold. 

In this study of conflict between food intake and body 
temperature, the mass of chow ingested by the rats changed 
little, if at all, (Fig. 2a) when the animals were obliged to run 
increasing distances in the cold to reach it. Only at 16 m was 
there a significant decrease below the maximum intake. This 
decrease was not due to a diminution in the speed of inges- 
tion (Fig. 2b), but to some decrease in the time spent eating 
(Fig. 2c). 

The relative constancy of time spent eating (Fig. 2c) 
camouflages a major behavioral adjustment which is re- 
vealed in Fig. 3. As the distance between food and shelter 
increased, the number of excursions made to the food de- 
creased (Fig. 3a) while the mean time spent eating each meal 
increased dramatically (Fig. 3b). The time spent running to 
and from the food increased in proportion to the distance 
covered (Fig. 4) though over | and 2 m the transit time could 
not be measured accurately. There was no evidence that the 
rats ran faster over longer distances when presumably the 
cold stress was more prolonged. When the total time in 
transit was added to the total time spent eating (Fig. 3c), it 
was evident that the total voluntary exposure to cold outside 
the home remained almost constant except for a slight de- 
cline at 16 m. 
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FIG. 4. Mean time taken to run to the feeder and back, at each 
distance. The results depicted as (©) are values remeasured at | m 
after recording at all 5 distances; the results depicted as (VY) are 
values measured on the same animals under similar conditions 3 
months previously. 
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FIG. 5. Decreases in colonic (b) and tail tip (c) temperatures during 
cold exposures equivalent to the meal durations indicated in (a). The 
scale on the abscissa is the distance between the home and feeder 
corresponding to the meal durations in (a). The results depicted as 
(©) are values remeasured at | m after recording at all distances. 
Values shown are means+S.E. 


Body temperatures in the cold were measured on each 
animal for the mean time that the animal spent feeding at 
each distance. The mean colonic and tail tip temperatures of 
the 6 animals at the end of these exposures are recorded in 
Fig. 5. Temperatures were also measured in control condi- 
tions at T,, 25°C and are included at distance zero. The scale 
of the abscissa in this figure is arithmetic, not logarithmic as 
elsewhere, so as to include the zero value. Since a major 
factor influencing body temperature changes was 
presumably the duration of cold exposure, the meal duration 
at each distance is shown (Fig. 5a) above the temperatures. 
The decreases in colonic and tail tip temperatures were sig- 
nificantly correlated with the mean meal duration i.e. body 
temperature decreased as the length of meal increased (the 
values in Fig. Sa, r=—0.94 and —0.91, respectively, 3 df, 
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FIG. 6. Mean meal duration as a function of the time animals took to 
run to the feeder. The results depicted as (O) are values remeasured 
at 1 m after recording at all distances. The correlation between the 
values is highly significant (r=0.99, 3 df, p<0.00/). 
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p<5%), and with the equivalent distance to the feed (values 
on the abscissa in Fig. 5, r=—0.94, 4 df, p<1%, and 
r=—0.82, 4 df, p<5%, respectively). 


DISCUSSION 


This experiment simulates the circumstances in which an 
animal encounters declining food availability in a thermally 
stressful environment. The animals were obliged to venture 
progressively further from their thermal preferendum to re- 
trieve food and presumably faced an increasing dilemma in 
balancing the stresses of hunger and thermal discomfort. 
Three processes are believed to maintain the physiological 
state of an animal during such a conflict of motivations: 
acclimatization, regulation and behavior [10]. In the present 
study, the effect of acclimatization was minimized by making 
exposures to cold brief and infrequent. Since the animals’ 
strategies for retrieving food | m from their home were vir- 
tually identical at the beginning and end of the experiment, 
and during a comparable experiment 3 months previously, 
the activity of the animals observed in these experiments 
was apparently associated, not with acclimatization, but 
with short-term regulation and behavior. 

In a previous study of these animals [6] where food was 
offered 1 m from thermoneutrality, the animals voluntarily 
fed in the cold with average meal durations of less than | 
min, even when highly palatable foods were available. One 
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FIG. 7. Duration of the meals for each rat when food was placed at 16 m plotted against elapsed time in the 2 hr session. 
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might have predicted that interposing increasing distances 
between the food and the thermoneutral home would force 
the rats to allocate more time to run to the feeder and back 
(Fig. 4), thus leaving less or no time for eating. In fact, the 
reverse occurred. As the distance to food increased, the 
mean meal duration also increased, even though at a distance 
of 16 m for example, the animals were taking more than | 
min simply to run to the food and back. With almost perfect 
compensation, the number of meals taken declined steadily, 
such that the total time of cold exposure remained constant 
(Fig. 3c). Of course, this trend must have a limit since 
animals cannot forage over an infinite range. The marginally 
significant decline in food intake at 16 m indicated that this 
limit may have been reached, particularly as an increase in 
food intake would normally be expected with mounting cold 
stress [6]. 

Similar strategies of adaptation to an increasing cost of 
attaining homeostatic balances have been reported previ- 
ously. Squirrel monkeys operating levers to control their air 
temperature used the levers progressively less frequently as 
the force required to operate them increased [1]. As a con- 
sequence, air temperature fluctuated progressively more 
widely, such as to cause animals to shiver during the cold 
phases. Thus animals apparently tolerate increasing mobili- 
sation of autonomic thermoregulatory mechanisms as the 
costs of attaining a thermal preferendum rise. In operant- 
conditioning studies on rats [2] where varying physical ef- 
forts were required to obtain food, it was found that the 
higher was the cost of search and procurement of the food, 
the less frequently were meals taken and the larger were the 
amounts eaten. Variations of this generalization apply also to 
field behavior of livestock depending on the respective costs 
of conflicting behaviors. Cattle may temporarily defer graz- 
ing when air temperature falls [8], and pigs will endure 
thermal discomfort in order to obtain food [5]. Simi- 
larly, sheep obliged to walk to water in hot conditions made 
fewer journeys as the distance between food and water in- 
creased; concomitantly, the volume of water drunk per visit 
increased, though it did not fully compensate for the reduc- 
tion in the number of visits [16]. In the laboratory, pigeons 
that normally controlled their body temperatures by behav- 
ioral means tolerated hyperthermia temporarily when con- 
flicting behavior was required to procure food or water [13]. 

In these experiments, feed and water intakes were related 
to the energetic [2] or thermal [5, 8, 13, 16] costs of their 
acquisition; in the present experiments, the same was also 
true (Fig. 6). A very strong association was evident between 
meal duration (and therefore feed intake) and the time taken 
to reach the feed (and therefore, presumably, the thermal 
costs). The slope of this regression line indicates that the 
cost/benefit ratio of feeding rose steadily as the distance in- 
creased, i.e., the thermal penalties of procuring food in- 
creased faster than the benefits in the form of food acquired. 
However, the increased duration of the meals with increas- 
ing distance tended to minimize this phenomenon. 

The strong correlation in Fig. 6 indicates also that the 
duration of a meal is probably determined, or at least signifi- 
cantly influenced, by signals generated during the animal's 
run to the feeder. Obviously, body temperatures are a 
possible source of influence, though non-thermal signals are 
certainly also generated in transit. Muscle and joint 
proprioception, visual perception of distance travelled, or 
less tangible factors such as perception of elapsed time in 
transit could contribute to the determination of feeding be- 
havior; no quantitative analysis of such influences is possible 
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here. Some analysis of the influence of body temperature 
changes on feeding can be made, though not with great pre- 
cision, since the temperatures measured were only estimates 
of those occurring during actual feeding. Measured tempera- 
tures did not account for the extra heat produced by running 
to the feeder, which presumably increases with distance, nor 
for the extra heat lost during running. Neither did they ac- 
count for any immediate effect of food ingestion. In so far as 
they are reliable, the measurements indicated that body tem- 
peratures fell as distances increased, though not uniformly in 
the core and periphery of the animals (Fig. 5). At distances 
up to 8 m, the greatest changes were in peripheral tempera- 
ture and there was almost no change in core temperature; 
beyond 8 m, peripheral temperatures were relatively con- 
stant and body core temperatures declined more markedly. 
This pattern suggests that peripheral temperature may be an 
important factor influencing feeding time over short dis- 
tances, and that core temperatures may have that role at 
greater distances. 

The rats’ behavior can also be analysed from the point of 
view of the second vector in the conflict, hunger; Fig. 7 
depicts such an analysis. This figure shows results obtained 
at the session where the rats were fed at 16 m from their 
home. For each of the six rats, the duration of each meal is 
plotted in ordinates against elapsed time within the 120 min 
feeding session in abscissae. Each dot stands for one meal. A 
common pattern was more or less evident in the feeding 
behavior of the animals as hunger presumably decreased 
with accumulating food intake. When the session began, the 
rats rushed to food and usually had a long first meal. At 16 m 
shown in Fig. 7, only 5 out of 6 rats had the long first meal. 
Then the meal duration dramatically declined, increased 
progressively, and reached a plateau in about 60 min. Thus, 
after the first meal, the diminishing hunger was associated 
with, not shortening of the meals but the opposite. While it is 
possible that decreasing hunger paradoxically leads to in- 
creasing meal length, it is perhaps more likely that, after the 
first meal, successive excursions to the feeder during a ses- 
sion are perceived as being increasingly unattractive. The 
rats might therefore react to them as they do to having to run 
increasing distances for food (Figs. 3b and 6) by increasing 
the meal durations despite the diminishing hunger. 

Feeding patterns such as observed in this study are amen- 
able to analysis by optimal foraging theory [7], though as 
foraging distance and cold exposure increase, the problem 
for the animals becomes one of survival, or fitness, rather 
than simply of foraging [9,14]. To undertake an analysis of 
behavior in these more complex circumstances, a compari- 
son of the qualitatively different factors which collectively 
determine behavior must be found, i.e., one must find a 
**common currency”’ with which to measure dissimilar drives 
[7]. The possibility of doing this by establishing a conflict 
between two variables has been noted previously [9]. Intra- 
cranial electrical self-stimulation can be used as one variable 
in such an arrangement [4, 12, 17], but the nature of the 
reward remains unknown. Thermal averison, as used here, is 
perhaps a more suitable vector in a conflict, because physi- 
ological parameters such as body temperature, metabolic 
rate, respiratory rate, etc., are not only likely to be inti- 
mately involved in determining thermal aversion, but also 
much is known about them and they are easily measured. 
Tolerated displacements of thermoregulatory variables could 
thus be convenient currency with which to measure non- 
thermal drives which have been contrived to conflict with 
thermal stress. 
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VINCENT, G. P. AND W. P. PARE. Post-stress development and healing of supine-restraint induces stomach lesions in 
the rat. PHYSIOL. BEHAV. 294) 721-725, 1982.—In Experiment 1, rats were subjected to 3 hr of supine restraint and 
sacrificed either immediately, 30, 60, 90, 120 or 180 min following restraint. Rats sacrificed 90 min after restraint revealed 
significantly more stomach lesions as compared to other treatment conditions. The healing rate for supine-restraint ulcers 
was observed in Experiment 2 and comparisons with conventional restraint procedures, as reported in other publications, 
would suggest a slower healing rate for lesions induced with supine restraint. Experiment 3 indicated that cimetidine 


significantly accelerated the rate of healing for supine-restraint lesions. 
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A NUMBER of reports have attempted to identify and de- 
scribe the critical parameters for the induction of stomach 
lesions in laboratory animals [8, 12, 17, 21, 22]. One param- 
eter that has not received very much attention, in spite of its 
seemingly paradoxical effect, has been the extent to which 
stomach lesions continue to develop following the termina- 
tion of the stress episode. Desiderato, MacKinnon and His- 
som [7] used a shock conflict paradigm in rats which were 
food-deprived for 4% hr and reported that the incidence of 
stomach lesions was more severe in rats allowed a 2-hr rest 
period following 6 hr of shock stress as compared to rats 
sacrificed immediately after 6 or 8 hr of shock stress treat- 
ment. In order to explain that the 6 hr of stress plus 2 hr of 
rest was more ulcerogenic than 8 hr of stress, Desiderato et 
al. postulated the intervention of a post-stress parasym- 
pathetic rebound process effect with a concomitant increase 
in gastric acid secretion during the 2 hr post-stress rest 
period. This notion has received support from studies which 
have introduced anti-ulcer experimental treatments during 
the 2-hr rest period. For instance, ulcer development during 
this post-stress period may be decreased with the adminis- 
tration of the peripheral acting anticholinergic drug, 
scopalamine methylbromide [20] and by treatment with the 
locally acting antacid, aluminum hydroxide [9]. However, a 
recent paper [11] reported negative results and data which 
failed to replicate this phenomenon. McCutcheon and Guile 
[11] reported that the results of four experiments using dif- 
ferent shock procedures, failed to provide evidence that the 
addition of a post-stress rest period increased the severity of 
stomach lesions. This failure to replicate the Desiderato et 





al. [7] findings undermines the reliability of the post-stress 
rest effect. 

We should note that the experiments dealing with the 
post-stress rest effect have used shock stress. If the phe- 
nomenon could be demonstrated with a non-shock ul- 
cerogenic procedure, such a demonstration would provide 
substantial support for the Desiderato et a/. [7] report. The 
purpose of the present investigation was threefold: to de- 
termine if the effect could be produced by using an ul- 
cerogenic restraint procedure, to observe the rate of healing 
for lesions induced by this ulcerogenic procedure, and fi- 
nally, to record the effect of the drug cimetidine on the heal- 
ing rate for these lesions. 

The first experiment was designed to determine if the 
post-stress rest effect could be observed in rats which had 
been exposed to the supine-restraint stress procedure [21]. 
The supine-restraint procedure has been reported as a reli- 
able ulcer producing technique which also minimizes the 
length of the stress episode (e.g., 3 hr) and the length of the 
pre-stress food deprivation period [21,22]. Experiment | re- 
ports the development of gastric lesions in rats sacrificed 
immediately following the termination of restraint-stress and 
for rats sacrificed after various post-stress rest intervals. 


EXPERIMENT | 


METHOD 


Sixty female Sprague Dawley rats were equated, on the 
basis of body weight, into six groups (n=10). The mean 
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group body weight was 233 g. All rats had continuous access 
to food and water until 24 hr prior to the start of the stress 
session at which time food was removed from all rats. During 
this food deprivation period, all rats still had access to water. 

Immobilization stress was accomplished by restraining 
the rats in a supine position on flat wooden forms with the 
rat’s ventral body surface facing upward. Each leg was 
drawn out from the body at a 45 degree angle and secured 
with leather loops, but caution was taken not to disrupt 
blood circulation to the limbs. A leather flap was drawn over 
the rat’s thorax and abdomen and secured under the restraint 
board with Velcro fasteners. All restrained rats were placed 
in a ventilated refrigeration chamber which was maintained 
at 4°C and remained therein for the 3 hr stress period. Fol- 
lowing the stress period, all rats were removed from the 
refrigeration chamber and released from the restraint board. 
Rats in one group were sacrificed immediately. Others rats 
were returned to their individual home cages where neither 
food nor water were available. These were sacrificed follow- 
ing post-stress rest periods of either 0.5, 1.0, 1.5, 2.0, or 3.0 
hr. All rats were sacrificed with chloroform. Each animal's 
stomach was removed immediately and inspected for the 
appearance of lesions by a naive observer. The number of 
lesions was recorded. The size of lesions was determined by 
measuring the length of each lesion which yielded a cumula- 
tive length score for each rat. 


RESULTS 


Lesions were observed in the glandular portion of the 
stomachs of all rats. These elongated, crater-like lesions 
were located within the rugal folds of the stomach and usu- 
ally contained coagulated blood. Table | presents the mean 
number and length of glandular lesions for the animals in 
each of the six treatment conditions. The longer post-stress 
rest periods had a tendency to produce a greater number and 
larger lesions as compared to the shorter post-stress periods. 
An ANOVA of these data revealed a significant treatment 
effect for the number of lesions, F(5,54)=2.82, p<0.05, but 
not for the length of lesions, F(5,54)=1.77, p>0.05. Animals 
in the 1.5 hr post-stress group had significantly more lesions 
as compared to rats sacrificed immediately or allowed only 
0.5 hr rest after restraint stress, (Tukey (a) test, p>~<0.05). Rats 
in the longer delay groups had fewer lesions as compared to 
the 1.5-hr rats, but these differences were not significant. 
Longer rest periods may be required to yield a significant 
attenuation of lesion scores as compared to the peak 1.5 
condition. With this assumption in mind, the results of this 
experiment would suggest that the relationship between le- 
sion incidence and the length of the post-stress rest period 
approximates an inverted U-function with maximal lesion 
incidence occurring at a time period between | and 2 hr after 
stress termination. Animals sacrificed before or after this 
one-hr period would reveal a lower lesion incidence. 


EXPERIMENT 2 


In the first experiment, rats allowed a 3 hr post-stress rest 
period still revealed many lesions. Although rats in this 
group had fewer lesions as compared to the 1.5 hr rest group, 
all the rats in the 3 hr rest group still had stomach lesions. 
The question raised at this point was how much additional 
rest time would be necessary in order to allow animals to 
recover from the ulcerogenic effects of the supine-restraint 
procedure. To explore this question, the first study was es- 
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TABLE | 


SUMMARY OF STOMACH CONDITIONS FOR 
THE SIX TREATMENT CONDITIONS IN EXPERIMENT 1 





Mean (+SE) 
Cumulative 
Length of 
Lesions 


Mean (+SE) 
Number 
Lesions/Rat 


Number of 
Rats with 
Lesions 


Treatments 
Post-Stress 
Rest (hr) 





1.87 
4.31 
ry 
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3.29 
2.90 


10 10 12.9 + 2.31 16.0 
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*Difference from 0-hr and 0.5-hr delay groups, p<0.05. 


sentially repeated, but post-stress rest periods of increasing 
duration were studied for the purpose of observing the heal- 
ing process of rats exposed to supine-restraint. 


METHOD 


Sixty-three female Sprague Dawley rats, with a mean 
body weight of 239 g, were randomly assigned to one of 
seven treatment groups. Food, but not water, was removed 
from all rats 24 hr before the beginning of supine restraint. 
The restraining procedure described in Experiment | was 
also used in this study. Following the 3 hr restraint period, 
rats were assigned to one of seven post-stress rest periods. 
These periods lasted either 0, 3, 6, 12, 24, 36 and 48 hr after 
the termination of the restraint session. All rats, except 
animals in the 0 hr group, were returned to their individual 
home cages for the duration of their respective rest periods. 
Since these rest periods involved as much as two days, food 
and water were available during the rest periods in order not 
to confound the ulcerogenic process with a post-stress star- 
vation factor. Upon termination of their respective rest 
periods, rats were sacrificed and the number and size of 
lesions were recorded in the manner described in Experi- 
ment 1. 


RESULTS 


A summary of the observed stomach conditions is shown 
in Table 2. Glandular lesions occurred in the stomachs of all 
rats with the exception of one animal which was assigned to 
the 48 hr rest group. A decline in the number and size of 
lesions was observed as a function of the increasing length of 
the post-stress rest period, but a significant treatment effect 
was obtained only for the number of lesions, F(6,56)=6. 16, 
p<0.01, and not for the cumulative length of lesions, 
F(6,56)= 1.99, p>0.05. Rats which had 12 or more hr of rest 
had significantly fewer lesions as compared to rats receiving 
only 3 hr of rest or those sacrificed immediately following 
restraint-stress (Tukey (a) test). It is interesting to note that 
even after 36 hr of rest all rats still had lesions, and that the 
48-hr rat group produced only one rat which was lesion-free. 
This would suggest that supine restraint produces stomach 
lesions which heal at a relatively slow rate. 


EXPERIMENT 3 


The supine restraint ulcerogenic procedure would appear 
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TABLE 2 
SUMMARY OF STOMACH CONDITIONS FOR EXPERIMENT 2 





Number of 
Rats with 
Lesions 


Treatments: 
Post-Stress 
Rest (hr) 


Number 
Lesions/Rat 


Mean (+SE) 


Mean (+SE) 
Cumulative Length 
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Healing 
Rate %* 


Healing 
Rate %* 
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100. 
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+ Difference from 0-hr delay group, p<0.05. 
+Difference from 0-hr delay group, p<0.01. 


as a useful model for evaluating anti-ulcer drugs. In the past, 
experimental animal models of stress ulcer have been 
criticized because the induced lesions heal at a relatively 
rapid rate [4,10]. This has made it difficult to evaluate the 
healing properties of new anti-ulcer drugs and there are few 
published studies reporting on the therapeutic effect of new 
drugs on the post-stress healing process [3]. Experiment 2 
demonstrated that stomach lesions, induced with the supine 
restraint techngiue, are still present 36 and 48 hr after the 
termination of stress. In addition, in a recent study we re- 
ported that the potency of the supine-restraint procedure 
would be enhanced if animals were food-deprived only 12 hr 
prior to stress onset. This information suggests that 12 hr of 
food deprivation plus 3 hr of supine restraint would produce 
stomach lesions of sufficient duration with which to evaluate 
the effectiveness of anti-ulcer agents. With this in mind, a 
third study was performed to determine the effectiveness of 
the H, receptor antagonist, cimetidine, in healing gastric le- 
sions produced by this procedure. 


METHOD 


Fifty Long Evans female rats, with a mean body weight of 
271 g, were food-deprived only 12 hr and subsequently re- 
strained for 3 hr. The restraint procedure outlined in Exper- 
iment | was also used in this study. Following 3 hr of supine 
restraint plus cold, rats were assigned randomly to one of 
five treatment groups. Rats in one group (n=10) were sac- 
rificed immediately after the 3 hr restraint-cold period. The 
other four groups included either: (a) saline injections for 48 
hr after stress; (b) cimetidine for 48 hr after stress; (c) saline 
for 96 hr following stress; or (d) cimetidine for 96 hr after 
stress. Saline and cimetidine (100 mg/kg) were administered 
by IP injections three times daily at 8 a.m., 12 noon and 5 
p.m. Both saline and cimetidine were administered in equiv- 
alent volumes. This particular dose level was used because a 
previous study [19] in this laboratory had demonstrated that 
100 mg/kg was the dose most effective in reducing stress 
ulcer incidence in the rat. Rats had access to food and water 
during the post-stress rest periods. Following the designated 
treatment periods, rats were sacrificed and stomachs were 
inspected for lesions. 


RESULTS 


There were no gross observable behavioral differences 
between saline-injected and cimetidine-injected rats. Table 3 
presents the summary of the stomach conditions for the five 
treatment groups. Lesions were evident in the glandular 
body of the stomach of all rats assigned to the two saline 
control groups. Three animals in the 48 hr and 96 hr 
cimetidine treatment groups were found to be lesion-free. 
Analysis of lesion data indicated a significant treatment ef- 
fect for the number, F(4,45)=3.86, p<0.01, and size of le- 
sions, F(4,45)=6.14, p<0.01. Rats treated with cimetidine 
for 48 hr and 96 hr had significantly fewer and smaller lesions 
(Tukey (a) test, p<0.05) as compared to animals sacrificed 
immediately following restraint-stress. The 48 hr cimetidine 
rats also had fewer and smaller lesions as compared to rats 
injected with saline for 48 hr (Tukey (a) test, p<0.05). A 
comparison between the 48 hr cimetidine and the 96 hr 
cimetidine group failed to show any significant differences 
with respect to the number and size of lesions. 


GENERAL DISCUSSION 


The results of Experiment | clearly illustrated that the 
‘rest effect’? is demonstrable with the use of an ulcerogenic 
procedure which does not use shock. A 3-hr supine-restraint 
session followed by a post-stress rest period of 90 min signif- 
icantly increased the incidence of stress ulcer. These data 
would agree with the similar results obtained in the De- 
siderato et al. [7] shock stress study with the exception that 
the peak in the incidence of lesions may occur sooner than 
the 2 hr reported by Desiderato et a/., which was the shortest 
post-stress rest period used in their study. In addition, the 
present report suggests that the ‘‘rest-effect’’ is observable 
using a stress procedure of shorter duration. Previous re- 
ports [4,23] have employed 6 hr of unsignaled shock pre- 
ceded by 40 hr of food deprivation in order to obtain positive 
results. Positive results were observed in Experiment | with 
only 24 hr of food deprivation and 3 hr of restraint stress. 
This procedure minimized the impact of starvation factors on 
the lesions observed. While the results of Experiment | 
argue that a shorter food-deprivation period and a relatively 
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TABLE 3 
SUMMARY OF STOMACH CONDITIONS FOR EXPERIMENT 3 
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Number 
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Rats with 
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x 





* ali %= 
Healing Rate % Mean 0-hr Delay 


+Difference from Control Group, p<0.05. 
tDifference from Control Group, p<0.01. 


brief stress period are sufficient to yield positive results, it 
should be noted that increased lesion severity is related to 
the presence of a post-stress rest period of approximately 
1.5-2.0 hr duration. Desiderato et al. [7] would probably 
argue that, in this case, lesion severity is not due solely to the 
passage of time as incorporated in the post-stress rest 
period, but to aggressive factors which are active during the 
rest period. Exposure to these aggressive agents, such as 
increase in gastric acid secretion [16], would exacerbate the 
gastrointestinal condition and yield the severe lesions ob- 
served. Thus it is not time per se, but what occurs during this 
time period which is critical. Unfortunately since Experi- 
ment | was not designed to test this notion, the appropriate 
comparison groups are lacking. However, that experiment 
does indicate that the ‘‘rest effect’’ phenomenon is not as 
fragile as McCutcheon and Guile would suggest. 

Experiment 2 was simply designed to observe if extending 
the post-stress rest periods significantly diminished lesion 
severity and to record healing rate for the rest intervals of 0 
to 48 hr. Lesion incidence and severity were still pronounced 
even after a rest period of 48 hr. A comparison of these data 
with the more conventional prone restraint procedure 
produces interesting information. Brodie and Hanson [5] re- 
ported that only 30% of their rats still had stomach lesions 18 
hr after termination of prone restraint stress which had been 
administered for 24 hr. By comparison, in Experiment 2, all 
rats still revealed lesions even after a 36-hr rest period. It 
would appear that the lesions produced by supine restraint 
take longer to heal. The two procedures are different but this 
does not mean that the lesions produced by the two proce- 
dures are qualitatively different. The most parsimonious 
suggestion is that supine-restraint is a more severe procedure 
which consequently produces more and larger lesions which 
take longer to heal. Of course a future study should compare 
both procedures in the same experiment. 

It is interesting to note that even with the same ul- 
cerogenic procedure, differences in healing rates may occur. 
For instance, in the present report, Experiment 2 used a 
24-hr pre-stress fasting period, whereas Experiment 3 used a 
12-hr pre-stress fasting period. The percent healing rate, 
after 48-hr rest, was 84.3% and 37.2%, respectively, for the 
24-hr and 12-hr deprivation conditions. Thus, not only do 


these data suggest that many factors influence the healing 
rate, but they also present us with the paradoxical results 
that a less severe (i.e., shorter food deprivation) condition is 
associated with a retardation of the stomach healing process. 
The relatively slow healing process associated with lesions 
induced by supine-restraint is also noted in Experiment 3, 
wherein saline control rats recovered at a relatively slow rate 
as compared to comparable animals in the second experi- 
ment. 

Protocol changes, which may be related to these differ- 
ences, include the shorter pre-stress deprivation period 
noted above, and the fact that Experiment 3 used Long 
Evans rats instead of Sprague Dawley rats. Shorter pre- 
stress deprivation has been associated with a greater lesion 
incidence [21,22], and strain differences with respect to 
stress ulcer incidence has also been reported [15,18]. 

An apparent inconsistency should be mentioned between 
Experiment | and Experiment 2. Whereas rats allowed a 3-hr 
rest period in Experiment | had more lesions than rats sac- 
rificed immediately after stress, comparable rest animals in 
Experiment 2 did not show that exacerbation effect. The 
relatively low lesion values of the Experiment 2 rats may be 
due to the fact that rats in this study had continuous access 
to food and water following stress termination and this 
treatment may have attenuated the lesion process. A more 
general comment would also address the problem that stom- 
ach lesion incidence is influenced by many factors including 
strain differences [15,18], diurnal variations [6] and seasonal 
fluctuations [24]. The three experiments in this report were 
each conducted at different seasons of the year and with a 
least one year intervening between each study. Increased 
data variability would probably result from such a schedule. 

The final experiment provided interesting information re- 
garding the therapeutic limitations of cimetidine. Cimetidine 
has been reported to be effective in treating duodenal ulcer in 
human [1,2] and animal subjects [14], but few reports exist 
showing accelerated healing of gastric lesions [13]. Okabe er 
al. [14] found that cimetidine significantly influenced the 
healing of duodenal ulcers in dogs but it had no effect on 
gastric ulcer healing. The data from Experiment 3 illustrated 
that cimetidine significantly reduced lesion incidence when 
lesions severity was measured after 48 hr of cimetidine 
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therapy, but this therapeutic regimen had no additional 
beneficial effect when it was extended to 96 hr. The limita- 
tion, in this particular case, of cimetidine to short-term 
therapeutic efficacy may reflect the particular drug dose or 
the nature of this specific ulcerogenic procedure. 

In summary, this paper reports that lesion incidence is 
greater in rats sacrificed after a 90-min rest period following 
supine restraint stress. The healing rate of stomach lesions is 
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apparently slower in rats exposed to supine restraint as com- 
pared to the more conventional restraint procedures and that 
cimetidine has anti-lesion therapeutic effects which peak 
after 48 hr of drug treatment. 
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COMETTO-MUNIZ, J. E. AND W. S. CAIN. Perception of nasal pungency in smokers and nonsmokers. PHYSIOL. 
BEHAV. 29(4) 727-731, 1982.—Two experiments explored the difference in common chemical sensitivity between smokers 
and nonsmokers. The first experiment confirmed and extended our previous finding that smokers have a higher threshold 
than nonsmokers for a short-latency, reflex transitory apnea in response to a nasal irritant (carbon dioxide). The experi- 
ment revealed that even short periods of smoking (6-10 min) just before the measurement will further impair the smoker's 
sensitivity to an irritant. Application of the novel scaling technique magnitude matching, whereby persons judged the 
perceived magnitude of various levels of an irritant, odorant, and tone in the same session, implied that smokers actually 
perceive irritation less keenly than nonsmokers. The psychophysical functions for pungency in the two groups suggested 
that the insensitivity may arise from conductive factors (e.g., thickening of the mucus barrier) rather than from neural 
factors. The results of the scaling and those for the threshold for transitory apnea showed excellent quantitative agreement 
and indicated that the threshold for the reflex occurred at a criterion level of perceived pungency. 


Common chemical sense Irritation 


Odor perception 


Reflex apnea Smoking Trigeminal nerve 





IN various mammalian species, inhalation of an irritant can 
cause a reflex depression or inhibition of breathing [2, 3, 5-8, 
32]. In human beings, weak irritants may cause no discern- 
ible change, but strong irritants may cause a momentary 
apnea of the sort that may make the person say that the 
inhaled agent “‘took my breath away.’’ Most of us have 
experienced this phenomenon upon accidental inhalation of 
ammonia or bleach. The agent seems to cause a “‘catch”’ in 
the inhalation even before the agent can reach the lungs. 
Various experiments have implicated the trigeminal nerve in 
irritant-induced disruption of breathing [4, 6, 31]. This nerve 
also mediates the sensations of pungency triggered by irri- 
tants [11]. 

Two previous investigations in this laboratory have ex- 
plored the threshold for reflex transitory apnea in human 
beings upon inhalation of an irritant. One compared the 
threshold for two nostrils versus one [21]. That experiment 
implied bilateral integration of the effect. That is, the con- 
centration necessary to elicit the reflex bilaterally fell below 
that necessary to elicit it unilaterally. The phenomenon ex- 
hibited excellent quantitative agreement with psychophysi- 
cal data on perceived pungency. The second study found 
that smokers were 29% less sensitive than nonsmokers with 
respect to the concentration of irritant necessary to trigger 
the reflex [19]. This marked perhaps the clearest indication 
yet of a chemosensory difference between smokers and 
nonsmokers for an inhaled agent. 

In the present paper, we give further attention to the 
difference between smokers and nonsmokers. One question 





of interest was whether sensitivity to the reflex in smokers 
could be diminished further merely by smoking for just a few 
minutes prior to the test. Another question was whether 
smokers actually perceive an irritant as less pungent than 
nonsmokers. The newly developed method of magnitude 
matching offered a way to address this question. In brief, the 
method requires participants to judge stimuli numerically in 
more than one sense modality on a common scale of per- 
ceived magnitude [29]. Careful choice of modalities permits 
one modality to serve as a kind of standard against which to 
compare numerical judgments of perceived magnitude on 
another. If, for instance, we could assume that smokers and 
nonsmokers have no differences in perception of loudness, 
then we could use test tones of various levels as the standard 
for comparison of perceived pungency when both pungency 
and loudness are judged on a common internal scale of per- 
ceived magnitude. Loudness had indeed served as the usual 
standard in magnitude matching. 

We chose to incorporate loudness into the present com- 
parison since it has already served well. Nevertheless, some 
studies have indicated that smokers may suffer from slight 
hearing loss presumably because of alterations in the middle 
and inner ear [15, 25, 28]. This matter is in itself an interest- 
ing question to ask by means of the method of magnitude 
matching. Because the bulk of data imply virtually no olfac- 
tory loss from smoking [20, 26, 27, 30], smell might then 
serve as a reasonable standard modality. If it is true that 
smokers possess impaired sensitivity to pungency, slightly 
impaired loudness perception, yet virtually normal olfaction, 
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then the phenomena should show up in the relative positions 
of psychophysical functions obtained simultaneously in all 
three modalities. 


METHOD 
Subjects 


In the study of reflex apnea to an irritant, 21 smokers (7 
males and 14 females; average age, 25.4 years; average daily 
consumption, 15.3 cigarettes +7.9 (S.D.); average years 
smoking, 9.1+6.6 (S.D.) and 20 nonsmokers (6 males and 14 
females; average age, 25.1 years) participated. In the 
psychophysical scaling of irritation, odor, and sound, 17 
smokers (4 males and 13 females; average age, 24.1 years; 
average daily consumption, 14.3 cigarettes +9.4 (S.D.); av- 
erage years smoking, 6.3+4.5 (S.D.)) and 16 nonsmokers (5 
males and 11 females; average age, 22.2 years) participated. 
Seven of the subjects employed in the scaling experiment 
also took part on the reflex study. 


Equipment 


Reflex. An air dilution olfactometer was employed to de- 
liver concentrations of CO, (99.8% purity) to the nostril 
(right or left). At concentrations above about 10% by vol- 
ume, CO, arouses an irritating pungency, virtually devoid of 
odor. Breathing grade compressed air was used to dilute the 
CO, to appropriate concentrations. The flowrate delivered 
by the olfactometer equalled 6 lpm at each concentration of 
CO,. The stimulus flowed from 7 mm o.d. teflon tube 
brought to the nostril by the subject. The participant’s con- 
tralateral nostril held a fine thermocouple (Cu-Constantan) 
threaded through the wall of a 2-cm segment of soft hose 
placed just inside the rim of the nostril. The thermocouple 
reference lead was placed in an ice-water bath. A single- 
channel output on a Grass Polygraph (Model 7) recorded 
temperature changes caused by inhalation and exhalation 
through the nasal passage. The changes followed a roughly 
sinusoidal pattern over time, except when the reflex oc- 
curred. 

Scaling. A two-channel olfactometer was used for the 
scaling of the pungency of CO, and the odor of isoamyl buty- 
rate (Monsanto, Flavor/Essence). The final flowrate in each 
channel equalled 4 Ipm. 

A 1,000 Hz tone served as the auditory stimulus for the 
scaling of loudness. The tone was produced by a Heath oscil- 
lator and fed through a Hewlett-Packard attenuator to a pair 
of calibrated earphones (Grason-Stadler TDH 39 with 
MX-41/AR ear cushions). 


Procedure 


Reflex. Participants were seated and instructed to insert 
the thermocouple assembly into one nostril and to breathe 
through the nose. When given the ready signal, the subject 
inhaled, exhaled, rapidly inserted the end of the stimulus 
tube into the free nostril, inhaled, removed the stimulus 
tube, exhaled, inhaled, and exhaled. In this way, it was 
possible to obtain three breathing cycles for each nostril at 
each level of CO.: the first normal, the second one with CO,, 
and the third one normal again. The entire procedure was 
then repeated with the other nostril. 

The initial trial of a session entailed presentation of 0% 
CO, first to one nostril, then to the other. The second trial 
entailed presentation of 20% CO, successively to each nos- 
tril. Thereafter, increments occurred in steps of ten percent- 
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FIG. 1. Breathing patterns detected by changes in temperature of a 
nasal thermocouple before, during, and after presentation of CO, at 
a concentration sufficient to elicit reflex, transitory apnea. The 
upper tracing shows a typical response whereas the lower tracing 
shows a particularly pronounced disruption of inhalation. 


age points (30%, 40%, etc.). Control trials (0%) occurred 
randomly within the otherwise increasing series. The par- 
ticipants were told that the concentrations of CO, would be 
presented in irregular order. Throughout testing, the dura- 
tion of the inspiratory phase was standardized to an interval 
of two beats emitted by a metronome set at 56 beats per 
minute. 

Each session was divided in two parts. The end of the first 
part occurred when the level of CO, was high enough to 
disrupt the breathing pattern record, i.e., to produce the re- 
flex interruption of inhalation (Fig. 1). Then, the subjects 
smoked (smokers) or rested (nonsmokers) for 6 to 10 min. 
After this, the second part began, and the threshold concen- 
tration to elicit the reflex was again measured. 

Each participant took part in three sessions. Smokers 
were asked to refrain from smoking at least one hour prior to 
the session. 

Scaling. Subjects sat under a continuously ventilated 
hood and wore a pair of headphones. The subjects were in- 
structed to estimate numerically (method of magnitude 
estimation) the perceived intensity of the sensations evoked 
by three types of stimuli: the odor, the pungent stimulus, and 
the tone. The instructions advised the subjects to concen- 
trate only on the intensity of the stimuli, judging all stimuli 
on a common scale of perceived intensity. Participants were 
told that the range from the lowest to the highest stimuli 
might be different for the various modalities (smell, tingling, 
tone) [29]. The subjects could assign to the first stimulus of 
each session any number deemed appropriate. Thereafter, 
they assigned numbers proportional to perceived magnitude. 
For subsequent data analysis, variability that arose from 
differences in the choice of the initial judgment was elimi- 
nated by conventional means [13]. This normalization pro- 
cedure was performed separately for smokers and nonsmok- 
ers. 

CO, was presented through tubing ending in a green hose, 
whereas isoamy] butyrate was presented through tubing end- 
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TABLE 1 


THRESHOLD VALUES (% CO, V/V IN AIR) FOR THE 
NASAL REFLEX BEFORE (FIRST MEASUREMENT) AND AFTER 
(SECOND MEASUREMENT) A PERIOD OF RESTING FOR THE 
NONSMOKERS AND A PERIOD OF SMOKING FOR THE SMOKERS 





Second 
Measurement 
( + S.E.) 


First 
Measurement 
( + S.E.) 


Difference 
( + S.E.) 





41.8 + 2.6 
we tie 


Nonsmokers 


41.1 + 2.2 7+ 1.4 
Smokers + 


58.6+3.5t 6.2 + 2.1f 





*Significantly different from nonsmokers at p<0.005, f-test. 
+Significantly different from nonsmokers at p<0.001, t-test. 
tSignificantly different from nonsmokers at p<0.01, f-test. 


ing in a white hose. When given a ready signal, the subjects 
had to insert the appropriate hose into either the right or left 
nostril (the same throughout the experiment), take a sniff, 
and then write down their estimation on a sheet. A ready 
signal also preceded the tones. 

Five concentrations of each compound and five levels of 
sound pressure were presented in random order. Each sub- 
ject made two estimates per stimulus level, rested for 5 to 10 
min and then made two more estimates per stimulus level. 


Stimuli 


In the scaling experiment, the concentrations of CO, in air 
were (% v/v): 21, 27, 35, 46, and 60; the levels of isoamyl 


butyrate were (ppm): 3.4, 4.9, 9.6, 24.8, and 71.9; and the 
levels of the 1000 Hz tone were (dB SPL): 62, 70, 78, 86, and 
94. It is important to note that the concentrations of isoamyl 
butyrate were carefully chosen to arouse only olfactory sen- 
sations and to cause no discernible pungency. 


RESULTS 


The index of interest in the reflex study comprised the 
lowest concentration (threshold) of CO, necessary to elicit 
the reflex in either nostril. (The choice of this index elimi- 
nated the need to derive an arbitrary combinatorial rule for 
those few subjects, 17% of smokers and 20% of nonsmokers, 
who exhibited an internostril imbalance that exceeded one 
concentration step.) The thresholds for smokers and 
nonsmokers appear in Table 1. The difference between the 
groups in the initial measurement closely parallels that ob- 
tained before [19], 25% vs 29%. However, the absolute val- 
ues fall below those obtained previously, presumably be- 
cause of the higher flowrate used here (6 lpm vs 3.5 Ipm). 
After a 6-10 min respite, nonsmokers exhibited no change in 
threshold (41.8% vs 41.1%). After a 6-10 min interval of 
smoking, smokers exhibited a reliable elevation of threshold 
(52.3% vs 58.6%). In order to examine whether a 6-10 min 
interval without smoking would alter the threshold of smok- 
ers, four smokers participated in such measurements and 
showed no change. 

The psychophysical functions for odor, loudness, and 
pungency appear in Fig. 2. As expected from previous in- 
vestigations, the functions for the odor of isoamyl butyrate 
grew more slowly whereas those for the pungency of carbon 
dioxide grew sharply with concentration [14]. The functions 
for loudness vs sound pressure grew at an intermediate rate 
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FIG. 2. Upper portion shows psychophysical functions for the 
pungency of carbon dioxide, the loudness of the 1,000 Hz tone, and 
the odor of isoamyl butyrate in nonsmokers (empty symbols) and 
smokers (filled symbols). The coordinates are logarithmic. The 
points represent geometric means and the bars standard errors. The 
difference in the levels of the functions for the two groups reflects in 
part differences in the choice of modulus (i.e., in the number as- 
signed to the first stimulus of a session). Lower portion shows the 
same functions as above for the nonsmokers. The functions for the 
smokers were transposed upward by a factor that brought the judg- 
ments of odor intensity from the smokers into coincidence with 
those of the nonsmokers. 


and conformed to power functions with exponents of 0.60 for 
nonsmokers and 0.56 for smokers. The upper part of Fig. 2 
reveals that smokers gave generally lower magnitude esti- 
mations than nonsmokers. This outcome has no importance 
since participants could choose whatever numbers they 
wished at the outset of the scaling. In order to allow a mean- 
ingful visual and statistical comparison of relative perceived 
magnitudes in smokers and nonsmokers, the three functions 
for the smokers were transposed upward by a factor that 
brought the odor function for the smokers into coincidence 
with that for the nonsmokers. This transposition reveals 
that, relative to their perception of odor magnitude, smokers 
found the tones slightly less loud and carbon dioxide less 
pungent. A statistical comparison of the data in the lower 
part of Fig. 2 indicated, however, that only the difference in 
pungency achieved significance, F(1,31)=4.17, p<0.05, for 
the variable smoker vs nonsmoker. 

In a previous experiment [21], it was concluded that the 
threshold for transitory apnea occurred at a criterion level of 
perceived magnitude. The present results offered another 
opportunity to re-examine this hypothesis. If correct, then 
the threshold concentrations for reflex apnea should have 
occurred at the same perceived magnitude in both smokers 
and nonsmokers. For nonsmokers, the threshold concentra- 
tion of 41.8% yielded a scale value of 29 (see lower part of 
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Fig. 2). For smokers, the threshold concentration of 52.3% 
yielded a scale value of 26, close enough to appear consistent 
with the hypothesis. 


DISCUSSION 


Cigarette smoking appeals particularly to the common 
chemical sense, i.e., the sense of irritation, piquancy, 
pungency, feel, etc. in mucosal tissue. The smoker seeks a 
feel or impact as the primary chemosensory event in smok- 
ing [12]. Both objective (reflex) and subjective (scaling) re- 
sults now indicate that smokers perceive nasally inhaled 
common chemical stimuli less keenly than nonsmokers. In 
the nose and nasopharynx, common chemical sensations 
arise from action of the smoke on free nerve endings of the 
trigeminal and glossopharyngeal nerves. These endings lie 
below or between the ciliated respiratory epithelial cells. In 
this regard, the endings differ dramatically from the special- 
ized olfactory receptor cells with cilia that protrude directly 
into the nasal cavity. 

Whether the sense of smell escapes deleterious effects of 
smoking entirely remains unclear. Some investigations have 
implied a rather small effect [9,22] or an occasional effect 
[24], whereas various carefully controlled studies have im- 
plied no effect [20, 26, 27, 30]. In the present scaling experi- 
ment, perceived pungency of CO, in smokers and nonsmok- 
ers was viewed relative to perceived odor magnitude. Any 
depression of perceived odor magnitude among our smokers 
would only have diminished the apparent difference in per- 
ceived pungency between the two groups. That is, if any 
such olfactory depression exists, then the present results 
would offer a slightly conservative estimate of impairment of 
common chemical sensitivity in smokers. 

One reported adverse effect of smoking is ciliastasis 
[18,23]. That is, habitual smoking eventually slows down 
ciliary motility in respiratory epithelial cells. This in turn 
leads to mucostasis, the development of a deeper, viscid, 
relatively static layer of mucus over the respiratory 
epithelium. Such a layer may impede the transfer of 
molecules of inhaled irritants from the air to the free nerve 
endings. If the layer played an obstructive role, it should 
alter the psychophysical function for pungency by a roughly 
constant factor across concentrations. This did indeed oc- 
cur. In the logarithmic coordinates of Fig. 2, the functions 
for pungency differ by approximately a constant interval. 
This corresponds to a constant multiplicative factor in linear 
coordinates. 

If ciliastasis accounts for the decreased sensitivity of 
smokers, why should common chemical sensitivity decrease 
more than olfactory sensitivity? It is unknown whether 
smoke may cause ciliastasis in the long, randomly motile 
cilia of olfactory receptors. It has been suggested that the 
mucus in this region differs chemically from that in respira- 
tory epithelium [10]. Chemical differences could possibly 
offer differential protection to olfactory and respiratory cilia. 

Other possible ways to account for a differential action of 
smoke on olfaction and the common chemical sense include 
a pharmacological explanation and an explanation based on 
the mere locus of the receptors in the nasal cavities. 
Otorhinolaryngologists routinely anesthetize the nasal mu- 
cosa with cocaine. This eliminates common chemical sen- 
sitivity in the region of application. When one of us (W. S. 
C.) sought, in conjunction with an otorhinolaryngologist, to 
eliminate olfaction through cocainization the effort failed 
entirely. It appeared that olfactory receptors resist the 
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pharmacological effects of the drug far more strongly than do 
the free nerve endings that mediate common chemical sen- 
sations. Such differential sensitivity might also manifest it- 
self in any direct pharmacological desensitization induced 
from the active constituents of tobacco smoke. Finally, the 
locus of olfactory receptors in the upper reaches of the nasal 
cavities may essentially protect them from constant stimula- 
tion by smoke. As we all know, the best way to obtain clear 
olfactory sensations is to sniff. This act creates the turbu- 
lence necessary to bring a stimulus into contact with these 
rather remote receptors. Sniffing plays no customary role in 
the act of smoking. 

The present results on loudness perception seem to hint 
that smokers have slight impairment of auditory functioning. 
Though not verified statistically in the small sample of per- 
sons studied here, such an impairment did reveal itself in an 
audiological study of 250 smokers and nonsmokers [33]. The 
reasons for the impairment remain unspecified, but the influ- 
ence of smoke on the auditory vasculature and on ciliated 
epithelial cells in the Eustachian tube and middle ear have 
seemed likely causes [15,25]. 

In the present application of magnitude matching, we 
chose to compare perception of pungency primarily to odor 
perception because this particular comparison seems quite 
natural. That is, both pungency and odor arise in the nose 
and the perceptual distinction between them is often ignored. 
It would have been possible to choose a perceptual con- 
tinuum other than olfaction, e.g., cutaneous pressure. As 
research on the method of magnitude matching evolves, it 
might eventually become clear that some modalities will 
serve better than others for intersensory comparisons. 

The smokers in the present study refrained from smoking 
at least one hour prior to the measurement of the reflex. 
Some smokers refrained for much longer durations on some 
occasions. For approximately 40% of the tests, the smokers 
had refrained overnight and were tested before their first 
cigarette of the day. An analysis uncovered no systematic 
relation between the threshold for the reflex and duration of 
abstinence. This outcome suggests that the smokers have a 
chronic relative insensitivity to pungent stimuli. Within the 
sample studied here, we could find no significant correlation 
between the threshold and such nominal parameters as years 
of smoking, consumption rate, “‘tar’’ delivery of current 
brand, or any simple combination of these. Nevertheless, 
differences in style of smoking often obscure correlations 
between such nominal parameters and the physiological and 
pharmacological effects of smoking [1, 16, 17]. 

The effect of smoking during only a short interval caused 
a rather sizeable increment in the threshold. This period of 
smoking increased the difference in threshold between 
smokers and nonsmokers by 67%. Quite possibly a meas- 
urement taken mere seconds, rather than minutes, after 
smoking might have revealed an even larger elevation, 
whereas a measurement taken, say, 10 minutes later might 
have revealed a much smaller elevation. In short, the mod- 
ulation of the smoker’s sensitivity during and after smoking 
may prove much larger than that shown here. In order to 
discover the time-course of any chronic or acute effects, it 
would seem necessary to chart the sensitivity of individual 
smokers closely during periods of heavy and light smoking 
and during periods of abstinence. Furthermore, in order to 
decide whether any chronic insensitivity derives from smok- 
ing rather than from the self-selection that occurs in the de- 
cision to become a smoker, it would seem necessary to study 
former smokers or some youngsters who have yet to develop 
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the habit. The threshold for reflex transitory apnea and the 
method of magnitude matching appear to be suitable conjoint 
tools in this endeavor. It would seem worthwhile to apply 
them also to the question of whether long-term exposure to 
irritants in the workplace impairs common chemical sen- 
sitivity. 
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TSUDA, A., M. TANAKA, T. NISHIKAWA, K. IIMORI, Y. HOAKI, Y. IDA, Y. KOHNO AND N. NAGASAKI. 
Priming effects of activity-stress ulcer in rats. PHYSIOL. BEHAV. 294) 733-736, 1982.—The activity-stress ulcer proce- 
dure consists of housing rats in running-wheel activity cages while at the same time, restricting their food intake to | hr per 
day. Male Wistar rats which had been habituated with ad lib feeding to the running-wheel cage environment for 3 days prior 
to the restricted feeding phase, developed significantly more gastric glandular ulcers and exhibited greater levels of running 
activity when compared to rats which had been given no habituation experience. Control rats housed in standard laboratory 
cages but which received the same restricted feeding regimen, developed significantly less stress pathology. Since allowing 
to rats access to the running-wheel during habituation resulted in enhanced stress pathology, this manipulation is referred 
to as a ‘priming effect.’’ A possible explanation for such a *‘ priming effect’’ is discussed in terms of procedures which may 
increase running wheel activity and decrease survival time during the restricted feeding phase of the activity-stress ulcer 


procedure. 


Activity-stress ulcer Priming effect 


Restricted feeding 


Running-wheel activity Habituation processes 





EXPOSURE to the activity-stress ulcer paradigm, wherein 
animals are fed | hr each day and housed in running-wheel 
activity cages over the course of several days, has been 
shown to produce a number of characteristic effects on var- 
ious organ systems before death including: development of 
stomach glandular ulcers [1,10], a hyposecretion of gastric 
juice [8], a drop in rectal temperature [7], organ weight 
changes [2,6], an inhibition of antibody production [3], an 
exhaustion of metabolism substrates [11], an enhancement of 
brain noradrenaline metabolism [18] and an increase in 
running-wheel activity [5]. 

Paré [5] has suggested that the two factors of running 
activity and restricted feeding are etiologically related to the 
activity-stress symptoms noted above. Previous researchers 
have evaluated distal or predisposing variables (age, sex, 
strain) which have differential effects on ulcer susceptibility 
[5, 13, 19]. In addition, Paré et al. [4,12] and Tsuda et al. 
[16,17] have demonstrated the influence of proximal or pre- 
cipitating variables (feeding environment, feeding regimen) 
on ulcer incidence and severity. 

It is also important to observe the role of habituation 
processes which can be manipulated as precipitating factors 
in ulcer disease. In a review of the literature on the 
activity-stress procedure, Paré [9] described a manipulation 
which allowed rats access to the wheel during the habitua- 
tion period. This procedure resulted in more rapid develop- 
ment of activity-stress ulcers in a greater percentage of 
animals. Although Paré [9] has previously reported the manipu- 
lation for a “‘priming effect,’’ any detailed data were not de- 
scribed. 

The present study was designed to demonstrate the ef- 


fects of habituating rats to the running wheel prior to the 
restricted feeding schedule in the activity-stress ulcer 
paradigm, and to clarify the role of habituation processes on 
activity-stress related symptoms. 


METHOD 
Animals and Apparatus 


Subjects were 21 male Wistar strain rats, 45 days of age. 
They were housed in groups of three or four in standard 
laboratory cages in a temperature-controlled (24+ 1°C) room 
kept on a 12:12 light-dark cycle (0700 to 1900 hr) and given 
food and water ad lib. 

Fourteen running-wheel activity cages were used. Each 
activity wheel consisted of wire mesh drums 10.5 cm in 
width and 32.5 cm in diameter and was equipped with an 
adjoining chamber measuring 32x 12.5x16 cm. A sliding 
door separated the chamber from its adjoining wheel. A 
wheel revolution for each cage was recorded by an elec- 
tromagnetic counter. 


Procedure 


Rats were randomly assigned to one of two conditions: an 
activity condition and a control condition. Activity rats were 
individually housed in running-wheel activity cages. Control 
rats were individually housed in colony cages measuring 
28x 15x18 cm. The activity rats were further divided into 
two groups of seven rats per group. Rats in the unlocked 
group were allowed to have free access to the running wheel 
from the beginning to the end of the experiment. Rats in the 
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TABLE | 
SUMMARY OF STOMACH CONDITION AND RELATIVE ORGAN WEIGHTS (mg/g) FOR THE THREE TREATMENTS 





Number Incidence Rats 
of of with 


Treatment Subjects Death Ulcers 


Mean(+SEM) 


Mean (+SEM) Organ Weights 
Ulcer 


Per Rat Adrenal Thymus Spleen 





Activity Condition 
Unlocked 
Locked 

Control Condition 
Control 


s 5.2% 0.30 + 0.02* 0.61 + 0.1* 
+ 3.2" 0.28 + 0.04* 0.68 + 0.1* 


+ 0.1 0.21 + 0.02 1.19 + 0.2 





*Significant difference from control group p<0.05. 
*Significant difference from locked group p<0.05. 


locked group had access to the activity wheel only when the 
1 hr restricted feeding schedule started. During the habitua- 
tion period, they were locked out of the wheel and confined 
in the adjoining chamber. 

The first phase of the study was a three day habituation 
period during which time all rats had continuous access to 
food and water in their assigned environments. The doors in 
the activity cages for the unlocked group were opened, 
thereby allowing these rats access to the running-wheel. On 
the other hand, the doors in the activity cages for the locked 
group were closed, thereby preventing these rats from enter- 
ing the wheel portion of the activity cages. On the fourth 
day, food was removed from all rats at 1000 hr and the doors 
to the activity wheel for the locked rats were opened. On the 
fifth day, and continuing for the duration of the experiment, 
all rats were fed for | hr per day between 1000 hr and 1100 hr. 
Body weight and the amount of food consumed were meas- 
ured daily for all rats. In addition, the number of wheel revo- 
lutions for activity rats was also recorded daily. 

The experiment was terminated at 1100 hr on the tenth 
day. All rats were sacrificed by decapitation. The stomachs 
were immediately removed and examined for the number of 
ulcers (defined as lesions in the surface of the mucosa). The 
thymus, spleen and adrenal glands were also removed and 
wet weights were recorded. 

All statistical comparisons were made using analysis of 
variance (at least p<0.05) and subsequent post-hoc pairwise 
comparisons (a=0.05), unless otherwise noted. 


RESULTS 


The summary of stomach pathology for each group is shown 
in Table 1. The differences in incidence of death between 
unlocked and control groups reached statistical significance. 
The control group showed significantly lower incidence of ulcer 
formation as compared with the two activity groups, while the 
latter groups did not differ from each other (Fisher's exact 
probability test). There was a significant group effect in terms 
of number of ulcers per rat. The unlocked group developed 
significantly more ulcers than did the locked group and control 
group. The locked group also developed significantly more 
ulcers when compared with control rats. 

As shown in Table 1, the thymus and spleen weights dif- 
fered significantly among groups. There was no significant 
group difference in weights of each of these organs between 
the locked and unlocked groups. The control group showed 
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FIG. 1. Mean (+SEM) daily body weight for unlocked (—@-), 
locked (—O-—) and control (—™—) groups for the consecutive 6-day 
restricted feeding phase at days 0 to 6 preceded by a 3-day habitua- 
tion period at days —3 to 0. Significant differences from control 
group: *p<0.05, **p<0.01, ***p<0.001; from locked group: 
tp<0.05, *#p<0.01. 


significantly less changes in the organ weights as compared 
to each of the two activity groups. 

There was a significant group effect and a significant day 
effect on the mean daily body weight. The unlocked group 
lost significantly more body weight as compared with the 
control group throughout the last three days (Fig. 1). 
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FIG. 2. Mean (+SEM) daily food consumption for unlocked (—@—), 
locked (—O-—) and control (—™—) groups for the consecutive 6-day 
restricted feeding phase at days | to 6 preceded by a 3-day habitua- 
tion period at days —2 to 0. Significant differences from control 
group: *p<0.05, **p<0.01, ***p<0.001; from locked group: 
tp<0.085. 


Although there was a significant but very small group 
effect on the mean amounts of food consumed during the 
habituation phase, the 6 day restricted feeding phase resulted 
in large and significant differences in food consumption as 
depicted in Fig. 2. The amount of food consumed was signif- 
icantly higher for the control group as compared with the two 
activity groups. 

With the exception of the main effect of group, analysis of 
the mean daily wheel revolutions revealed a significant day 
effect and a significant day by group interaction. Rats in the 
unlocked group ran significantly more on days 2, 3 and 4, and 
ran significantly less on day 6, as compared with rats in the 
locked group (Fig. 3). 


DISCUSSION 


In the present study, rats’ access to the activity wheel 
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FIG. 3. Mean (+SEM) daily wheel revolutions for unlocked (-@—) 
and locked (—O-—) groups for the consecutive 6-day restricted feed- 
ing phase at days | to 6 preceded by a 3-day habituation period at 
days —2 to 0. Significant differences from locked group: tp<0.05, 
ttp<0.01. 


during the habituation phase of the activity-stress ulcer 
paradigm was the manipulation designed to produce the 
hypothetical *‘priming effect’’ which Paré [9] has suggested. 
This experiment demonstrated that the extent of ulceration 
and mortality were significantly greater in rats allowed access 
to the wheel during habituation, than in rats not allowed such 
access. It appears that a habituation experience to the activ- 
ity wheel before the restricted feeding phase, contributes 
significantly to the formation of activity-stress ulcers and to 
a decrease in survival time. As such, this manipulation rep- 
resents a more potent ulcer-producing procedure. 

Regardless of whether rats were allowed access to the 
wheel during the habituation period, the two activity- 
stressed groups (the locked and unlocked groups) showed 
severe adrenal hypertrophy and severe atrophy of the spleen 
and thymus, as compared to control rats. In earlier studies 
(2, 3, 6], it was suggested that rats exposed to the activity- 
stress procedure were subjected to stress. Gross changes in 
the adrenal glands, and the spleen and thymus are generally 
regarded as indicators of a generalized stress response [15]. 
Thus, the organ changes observed in the present study are 
consistent with previous ulcer work as well as with general 
stress theory. 

In this experiment, we confirm the existence of a *‘prim- 
ing effect’’ on activity-stress ulcers and demonstrate the im- 
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portance of the habituation phase in the activity-stress ulcer 
paradigm. Since rats in the unlocked group ate slightly less 
food and gained slightly less body weight during the 3 day 
habituation period, as compared with rats in the locked or 
control groups, it appears that a habituation experience to 
the activity wheel before the restricted feeding phase in- 
creased the organism’s susceptibility to activity-stress pa- 
thology. 

A possible mechanism involved in the ‘‘priming effect’’ 
might be that the rats run more, thereby contributing more to 
the stress-related effects of the full activity-stress procedure. 
The running activity data indicated that the unlocked group 
ran more than did the locked group, particularly during ear- 
lier phases of the restricted feeding period. This finding was 
not surprising since previous studies [4,16] reported that 
animals in a novel environment ran less than animals in 
familiar surroundings at the beginning of the restricted feed- 
ing period of the activity-stress ulcer paradigm. Paré [5] de- 
scribed an increasing number of wheel revolutions as a func- 
tion of exposure to the running wheel cages. Therefore, the 
locked group was confronted with more novelty in the 


TSUDA ET AL. 


running-wheel relative to the unlocked group. Routtenberg 
[14] previously observed the effects of ‘‘novelty’’ and 
suggested that novelty is directly responsible for decreasing 
food intake and indirectly involved in influencing running- 
wheel activity. 

In summary, producing a “‘priming effect’? reduced wheel 
novelty and thereby led to significantly greater running, 
which in turn, has been strongly implicated in causing a 
number of stomach ulcers. A possible explanation for a 
‘priming effect’’ in the activity-stress ulcer paradigm de- 
pends on the procedure used during habituation which can 
facilitate or retard running activity. 
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TUCKER, D. M., H. H. SANDSTEAD, R. A. SWENSON, B. G. SAWLER AND J. G. PENLAND. Longitudinal study 
of brain function and depletion of iron stores in individual subjects. PHYSIOL. BEHAV. 294) 737-740, 1982.—Seven men 
living in a controlled research unit showed decrements in iron stores due to repeated phlebotomy. For each subject, weekly 
measures of cognitive task performance, electroencephalographic (EEG) power and Event-Related Potentials (ERPs) were 
examined in relation to serum ferritin level. No reliable relationships of ferritin level to cognitive performance ability were 
observed. Some EEG findings appeared similar to previous observations on EEG data and iron status in cross-sectional 
research. For four of the seven subjects, asymmetries of EEG power in the occipital electrodes appeared related to the 


decline in iron status over time. 


Iron deficiency Trace elements Brain 


Electroencephalography 


Cognition 





RESEARCH on the effects of iron deficiency in animals has 
shown deleterious effects on brain chemistry and behavioral 
function [4,16]. Although the relation of iron nutriture to 
brain function in humans is less well-defined, several studies 
suggest that children with low iron status may be at risk for 
difficulties in cognitive and social development [5, 10, 14]. 

In a previous cross-sectional study, we examined the re- 
lation between body iron stores indexed by serum ferritin, 
and neuropsychological function assessed with cognitive 
task performance and electroencephalographic (EEG) meas- 
ures [11]. In two independent samples of normal men, we 
found significant relations between EEG spectral informa- 
tion and serum ferritin, and serum iron, although no reliable 
associations with cognitive performance were found. This 
raised the possibility that subjects iron depleted over time 
would display changes in neuropsychological function. Men 
who participate in metabolic studies at our Center usually 
become iron depleted as a consequence of frequent blood 
drawing, and display consistent decrements in ferritin levels 
[2]. We therefore examined task performance and brain elec- 
trophysiology measures to find if these would show effects 
due to the decrement in iron‘stores. 


METHOD 
Subjects and Research Procedures 


Men judged free of disease were recruited to live in the 





metabolic research unit for six month periods for nutritional 
studies. During their stay on the unit, diet and exercise were 
carefully controlled, and all excreta were collected. Al- 
though the volunteers were chaperoned during all trips away 
from the lab to insure adherence to the research protocol, 
they were allowed to maintain a fairly normal pattern of 
activities, including courses at the university. A more com- 
plete description of volunteer selection procedures and gen- 
eral research unit procedures is provided elsewhere [13]. 

Without knowledge of the EEG findings, we selected the 
data of seven volunteers who showed consistent decrements 
in serum ferritin levels over time; the EEG and cognitive 
task performance data for these subjects were analyzed in 
relation to ferritin. EEG data had been collected weekly, but 
not necessarily on the same day as the blood sample that was 
analyzed for serum ferritin. Four men had participated in a 6 
month study of the effect of dietary fiber on mineral ab- 
sorption. They had been bled about 200 ml monthly. The 
other three had participated in a study of mild zinc depletion. 
They had been bled about 250-300 ml monthly. Serum ferri- 
tin levels were determined by radioimmunoassay [2]. Since 
the ferritin values declined in a fairly linear trend over time, 
the ferritin values for each individual were interpolated with 
a linear regression on time to estimate as closely as possible 
the ferritin level on the day of the EEG session. 

The EEG data were collected each week from the sub- 
jects during a resting period and as cognitive and attentional 
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tasks were performed. The tasks included in the present 
analyses were the Work Fluency and Imagery tasks for all 
subjects, and the Character/Shape task for the four of the pres- 
ent subjects who were on the unit when this task was intro- 
duced. The Word Fluency task required the subject to think 
of as many words as possible that begin and end with 
specified letters. At the end of a 20 sec period during which 
EEG data are collected, the subject was signalled to report 
the words he generated; this procedure avoids artifacts due 
to producing a verbal response during EEG data collection. 
For the Imagery task, the subject was asked to generate a 
clear mental image of a concrete object, such as a 
lawnmower, and hold it for 30 sec, then rate the vividness on 
a scale of 1 to 7. For both the Imagery and Word Fluency 
tasks, the subjects eyes were closed. The Character/Shape 
task presented a configuration of letters on the screen. For 
one block of 20 trials, the subject was asked to ignore the 
shape of the group of letters and to remember the characters 
themselves; for another block of 20 trials he was asked to 
ignore the characters and remember the shape their config- 
uration formed. In each case, additional characters were 
added to the screen on successive trials. After the first two 
20-trial blocks were completed, two more were given, one 
with character and one with shape instructions; the perform- 
ance and EEG data from these last two blocks of trials were 
included in the present analyses. The performance measure 
for this task was number correct. 


EEG and ERP Recording and Analysis 


During performance of the cognitive tasks and during a 30 
sec resting period, EEG data were recorded from the left and 
right frontal (F3,F4), temporal (T3,T4), parietal (P3,P4), and 
occipital (01,02) electrode locations in the International 
Ten-Twenty system. Each of these channels was referenced 
to linked earlobe leads with a vertex ground. After amplifi- 
cation with low-noise optically-isolated battery powered 
amplifiers, these signals were digitized and stored for later 
editing for artifacts. After editing, the signals were spectrally 
analyzed according to procedures described previously [11]. 
Spectral analysis of 2 sec epochs produced power spectra 
with a 0.5 Hz resolution. Total power in the delta (0.5 to 3.5 
Hz), theta (4.0 to 7.0 Hz), alpha (7.5 to 12.5 Hz) and beta 
(13.0 to 18.0 Hz) frequency bands of the EEG were summed 
for each band for each of the cognitive tasks and the resting 
period for each subject. 

Visual event-related potential (ERP) data were collected 
during performance of a simple attentional task. In this task 
the subject was required to push a button in his right hand in 
response to double flashes of a Grass Instruments photo- 
stimulator and to refrain from responding to single flashes. 
Fifty double-flash response trials were randomly _in- 
terspersed among 50 non-response or inhibition trials for 
each recording session. The ERP associated with each 
stimulus (response or inhibition) was recorded; 300 ms of 
EEG data were recorded after stimulus onset for each trial. 
After the EEG data were edited for artifacts, there were from 
15 to 45 good ERP trials per condition (response/inhibition) 
that were then averaged to yield one ERP waveform per 
electrode location per condition for that session for that sub- 
ject. For the latency band from 65 to 225 ms, two peaks 
(P1,P2) and two troughs (T1,T2) were easily determined in 
each subject’s grand average waveforms. For each subject, 
the latencies of those peaks and troughs were used to de- 
termine the amplitudes of those waveform components for 
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each session of ERP recording. These four amplitude values 
from each of the 8 electrode locations formed the set of ERP 
measures used in the statistical analysis. 


Statistical Analyses 


To study the effects of iron depletion in a longitudinal 
design without mixing cross-sectional variance with variance 
over time, each subject was analyzed separately with an 
N= 1 design, where the observations for each subject were 
the repeated measurements of neuropsychological function 
and ferritin status. This approach shows patterns of relation- 
ship that may be idiosyncratic for particular individuals. 
Since the variable of time on the unit was closely confounded 
with ferritin level, separate analyses were run to control for 
time. Only EEG effects that appeared not to be confounded 
by the effect of time spent on the metabolic unit are reported 
here. The rationale for the analyses was to use serum ferritin 
as the criterion measure of iron status and to determine if the 
neuropsychological variables (task performance, EEG, 
ERP) were significant predictors of ferritin changes over 
time. Simple regressions were run for the performance 
measures, and stepwise multiple regressions were run for the 
multivariate EEG and ERP predictions of ferritin status. A 
problem with this analytical approach is that the number of 
variables yielded by the electrophysiological techniques is 
large in comparison to the few observations on each subject. 
We have considered this problem previously [11], and pre- 
sented simulation analyses to estimate the number of chance 
findings expected with the distribution characteristics of 
these data. The best indicator of reliable findings is replica- 
tion across independent samples, which in the present study 
are separate individuals. 


RESULTS 
Task Performance 


For each of the cognitive tasks performed by the volun- 
teers, correlations were computed between the task per- 
formance measures and serum ferritin. No significant rela- 
tionships were found in these analyses. 


EEG Power 

For each subject, separate regressions were run for each 
band for each cognitive task with 8 channels of EEG power 
predicting serum ferritin level. To characterize each sub- 
ject’s data, we selected the most significant regressions from 
the stepwise procedure, with the condition that the degrees 
of freedom for the regression model did not exceed those for 
the error term. The R? for each equation was examined to 
determine the proportion of variance in ferritin level ac- 
counted for by the EEG predictors. 

The data from Subject | showed stronger relationships to 
ferritin for EEG data from the Word Fluency task (maximum 
R?=.93, p<0.01) than for data from the Imagery (maximum 

2=.74, p<0.05) or Resting (maximum F?=.82, p<0.01) 
conditions. Also, there seemed to be a tendency for theta 
power to be selected by the regression procedure to predict 
ferritin for each task. Across tasks, Subject 1 showed a con- 
sistent significance of the left frontal (F3) electrode, with the 
sign of the regression coefficients for that channel opposite 
for the theta and beta | frequences. 

Several specific features of Subject 2’s data were 
noteworthy. For the Word Fluency, Imagery, and Resting 
tasks, the coefficients for F3 and T4 were positive, and those 





BRAIN FUNCTION AND IRON DEPLETION 


for P4 were negative. Across tasks, it appeared that the alpha 
band most consistently predicted ferritin level for this sub- 
ject, with the maximum R? for alpha of .49 (p<0.05). 

Subject 3 showed few significant relations of EEG data to 
ferritin, possibly because of the low number of observations 
(N=8). The only consistent finding appeared to be for O2 in 
Imagery, with higher delta and beta | and lower theta and 
alpha associated with higher ferritin. Subject 4 showed sig- 
nificant EEG predictors for each task, with alpha producing 
the most consistent results. A consistent pattern in Subject 
4’s data was the asymmetry of the coefficients for the occipi- 
tal lobes, with less left and greater right alpha predicting 
ferritin. For Subject 5, alpha was again selected to predict 
ferritin for each task, and the occipital leads were again fre- 
quently utilized in the regression models, with an opposite 
direction of signs for the left and right occipital locations. 
The importance of the O1 location was shown again in the 
data from Subject 6, with a negative loading in may instances 
paralleling the O1 pattern for Subject 5. Again, alpha was 
consistently selected as predictive of ferritin across tasks for 
Subject 6. For Subject 7, the negative O1 loadings were also 
apparent, and contrasted with positive signs for the left 
parietal location. Subject 7 showed a number of significant 
coefficients for the frontal leads, with the signs often oppo- 
site for the left and right frontal lobes. 

To attempt to summarize the significant findings that 
were consistent across subjects, we performed frequency 
counts of regression coefficients that were significant predic- 
tors of ferritin. Inspection of the individual subjects’ data 
revealed that alpha was the most frequently selected fre- 
quency band, and the occipital locations, especially O1, 
often showed significant relationships to ferritin. In addition, 
a high frequency of predictive ability was found for the 
parietal electrode locations. Perhaps the most interesting ob- 
servation from these frequency counts was the tendency for 
data from the Word Fluency and Character 2 tasks to be 
predictive more often than that from other tasks. This is of 
interest since the volunteers reported that these tasks re- 
quired more mental effort than other tasks. 


Event-Related Potentials 


For each subject, for both the response and inhibition 
conditions of the ERP attentional task, regression was run 
with ferritin as the criterion and 8 channels of ERP amplitude 
values as predictors. A separate set of 8-channel regressions 
was run for each of the two ERP peaks and the two ERP 
troughs. In addition, 8-channel regressions were computed 
with a composite ERP amplitude measure of the Peak | to 
Trough 2 distance and another set run with the Trough 2 to 
Peak 2 distance. Examination of these results showed sub- 
stantial individual differences and some consistencies across 
subjects. Frequency counts were conducted with these data 
as with the power spectral analysis, sorting by ERP compo- 
nent amplitude and by electrode location. Ferritin predic- 
tions were somewhat more likely for the left than the right 
parietal location, and were particularly frequent for Peak | 
regardless of channel. Of 15 significant ERP regression coef- 
ficients predicting ferritin but not time, 3 were for Trough 1, 
2 for Trough 2, 9 for Peak 1, and | for Peak 2. Of the signifi- 
cant 9 Peak | coefficients, 3 were for the left frontal lobe. 


DISCUSSION 


An important interpretive issue in our examination of 
these data is the extent to which these results replicate the 
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EEG findings of our earlier cross-sectional research [11]; 
some of the major findings in that research seem to hold for 
the present results and some do not. The replicated results 
seem to indicate a specific and reliable relationship between 
brain function and iron nutriture. On the other hand, the 
differences in findings raise questions about this interpreta- 
tion as well as questions of possible intrinsic differences be- 
tween cross-sectional and longitudinal approaches in this re- 
search. 

In predicting serum ferritin in the previous cross-sectional 
research [11], a number of regression coefficients from 
homologous areas in the left and right hemispheres showed 
opposite signs, as if the asymmetry of the EEG were relevant 
to iron nutriture. The asymmetry was particularly evident in 
the occipital leads. In the present study, four of the seven 
subjects showed the occipital asymmetry in relation to ferri- 
tin. As in the previous research, the O1 location was particu- 
larly significant, and the direction of the signs of the coeffi- 
cients was consistent with the earlier results: less occipital 
power (indicating greater functional activation) was predic- 
tive of higher iron status. We have speculated previously on 
the possible functional significance of the cortical asym- 
metry in relation to iron nutrition [12]: the neurotransmitter 
pathways that are implicated as a source of the attentional 
deficits in iron deficiency are asymmetrically distributed in 
the brain. 

The major finding of the earlier cross-sectional research 
that did not replicate in the present analyses involved the 
relation of iron nutriture to delta power. Although the delta 
frequency was selected by the regression procedure for sev- 
eral of the present subjects as predictive of ferritin level, the 
delta coefficients did not show the predominance in the pres- 
ent analyses that was apparent in the cross-sectional re- 
search. One possibility is that the apparent magnitude of this 
finding in the cross-sectional research was spurious, al- 
though it did appear in two independent samples. 

Another possibility is that serum ferritin may be indexing 
somewhat different phenomena in longitudinal and cross- 
sectional research. Since the level of iron nutriture can influ- 
ence the intestinal absorption of other trace elements, the 
index of iron status in the cross-sectional data might also 
have indexed individual differences in tissue levels of other 
trace elements, toxins [1,7] or nutrients [8,9], that are impor- 
tant to brain function. In the present longitudinal research 
zinc status was experimentally manipulated as part of a sepa- 
rate study in three of the volunteers. Inspection of their data 
in relation to serum ferritin, however, showed no apparent 
differences from the other subjects. 

Another variable that may be differentially important to 
cross-sectional and longitudinal research on iron is thyroid 
function. Although impairment of thyroid function in severe 
iron deficiency in animals [3] suggests it may be relevant to 
longitudinal studies, it seems possible that in cross-sectional 
studies serum ferritin may index individual differences in 
thyroid function as well as iron nutriture. Research with 
animals has shown liver ferritin to be a sensitive covariate of 
experimentally manipulated thyroid hormone activity [15]. 
Because of the importance of thyroid function to the neuro- 
transmitter systems regulating cortical arousal [6], it seems 
possible that individual differences in thyroid function might 
mediate the relation between serum ferritin and cortical elec- 
trophysiology in the cross-sectional research. 

The present study is thus congruent with earlier findings 
on the relation between brain function and iron nutriture, 
and raises a number of questions for further study. It is im- 
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portant to note that although some of the neuropsychological EEG showed any correlates of the ferritin decline. It will be 
effects of the decrease in serum ferritin appeared reliable, important in the future to document not only the effects of 
these were subtle effects. No decrement in task performance frank iron deficiency, but also the levels of iron nutrition that 
ability was observed, and only sensitive quantification of the are virtually free of adverse neuropsychological effects. 
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NINOMIYA, Y. AND M. FUNAKOSHI. Responsiveness of dog thalamic neurons to taste stimulation of various tongue 
regions. PHYSIOL. BEHAV. 29(4) 741-745, 1982.—Receptive fields of single thalamic taste neurons in dogs were studied 
by examining responses to stimuli representing the four basic taste qualities applied to five different regions on the tongue 
surface. Twenty single thalamic units responded to taste stimulation of the tongue ipsilateral to the recording site were 
classified into three types according to characteristics of their receptive fields. In 11 out of 20 units, the location and the size 
of the receptive field and the most sensitive region in the receptive field did not vary among their effective taste stimuli 
(type A units). In 5 units, the location and the size of the receptive field varied with taste stimulus, although the most 
sensitive region was common to the stimuli (type B units). In the remaining 4 units, the most sensitive region varied with 


taste stimulus (type C units). 


Taste neurons Thalamus of the dog 


THE mode of convergence of the primary afferent fibers on 
single central gustatory neurons has been studied by several 
investigators [8, 9, 16, 17]. It has been demonstrated that 
some of medulla and pontine taste neurons in rats [8, 16, 17] 
and medulla taste neurons in cats [9] receive afferent inputs 
from both anterior and posterior parts of the tongue, which 
are carried separately by the chorda tympani nerve and glos- 
sopharyngeal nerve. However, these studies have not suffi- 
ciently mentioned to what extent the tongue receptive fields 
to taste stimuli would vary among the single taste neurons. 

Response characteristics of single thalamic neurons to 
taste stimuli have been studied in rats [18,19] and dogs [15]. 
In these studies taste stimuli were applied to a only limited 
zone of the anterior part of the tongue. In the present study, 
therefore, we examined the responses of the dog thalamic 
neurons to the four taste stimuli (NaCl, tartaric acid, sucrose 
and quinine-HCl) applied to various regions of the tongue. 
Then attempts were made to find a relationship between 
their responses to taste stimuli and the tongue receptive 
fields. 


METHOD 


Data were obtained from 11 adult dogs, ranging in weight 
from 5.5 to 10.0 kg. The dog was anesthetized with an intra- 
venous injection of sodium thiamylal (25 mg/kg). The trachea 
and one femoral vein were cannulated. The surgical opera- 
tion and the animal fixation were performed under general 
anesthesia. During the recording of electrical activities from 
the thalamus, each animal was paralyzed with gallamine 
triethiodide (Flaxedil, 1.0 mg/kg, IV) and artificially respi- 
rated with light additional anesthetic (2.5 mg/kg of sodium 


Receptive field 


thiamylal for each) when required, and locally treated with 
xylocain-HCI at wound margins and pressure points. 

The head of the animal was fixed in the stereotxic appara- 
tus by atraumatic ear bars, infraorbital pins and a snout 
clamp applied to upper jaw. The skull dorsum and dura were 
removed, and the exposed brain was then covered with 
warm liquid paraffin. Rectal temperature was continuously 
monitored and maintained at about 36°C by a heating pad. 

Tungsten microelectrodes (impedance: 4-15 M2) were 
used for extracellular recordings for thalamic units. Coordi- 
nates were initially determined from microscopic examina- 
tion of previously sectioned brains with the aid of a 
stereotaxic atlas of dog’s brain prepared by Lim et a/. [12]. 
The recording electrode, mounted in a three-coordinate mi- 
cromanipulator, was driven vertically from the dorsal surface 
of the cortex into the thalamus. In each animal, 15-40 pene- 
trations were carried out. Impulse discharges of single or a 
few units of the thalamus were fed into an amplifier (Nihon 
Kohden MZ-4), displayed on an oscilloscope (Nihon Kohden 
VC-7) and photographed. These impulses were also recorded 
on magnetic tape for future analysis. 

Solutions of 0.5 M NaCl, 0.05 M tartaric acid, 0.5 M 
sucrose and 0.01 M quinine-HCI made up in distilled water at 
about 20°C (room temperature) were employed in the exper- 
iment. To determine the receptive fields of the thalamic 
units, filter papers (10x10 mm) bathed in sapid solutions 
were applied to the 5 different regions of the tongue of either 
contralateral or ipsilateral to the recording site. The most 
posterior stimulating region of the tongue, around the center 
of which circumvallate papillae were located, was defined as 
‘*y region.’’ The remaining area of the tongue was divided 
into 4 blocks equally in size which were defined as *‘‘ai, a2, 
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FIG. 1. Responses of the thalamic units belonging to the 3 different types (Type A, B and C) to taste 
stimuli applied to the different tongue regions (ai, a2, mi, m2 and p regions from anterior to posterior). 
N: 0.5 M NaCl; S: 0.5 M sucrose; T: 0.05 M tartaric acid. 


mi and m2 regions’’ from anterior to posterior (Fig. 1-A). The 
filter papers were carefully introduced to the oral cavity by 
fine forceps, put on each tongue region for about 10 sec and 
then removed. The four taste stimuli were presented in suc- 
cession to each single region from posterior to anterior. Be- 
fore and immediately after the chemical stimulation, the 
tongue was rinsed with 20-40 ml of distilled water. The rins- 
ing of the posterior regions of the tongue was performed 
through a polyvinyl tube, which was previously introduced 
into the rear of the buccal cavity from the esophagus. The 
interval between successive stimulations was taken at more 
than | min to avoid possible after-effects of the preceding 
stimulus. 

During searches for taste responsive units, we stimulated 
the tongue frequently with all four chemical stimuli and with 
mechanical stimuli, such as stroking with a small brush and 
flowing distilled water at 20°C. When a responsive unit was 
located, we first examined responses to mechanical stimuli, 
and then those to chemical stimuli. To avoid confounding 
responses to mechanical stimuli with those to chemical 
stimuli, units responding to flowing distilled water only were 
excluded from taste responsive units. 

For data analysis in the experiment, we made 
frequency-time histograms by means of a processing com- 
puter (Nihon Kohden Atac 501-20) of impulse discharges 
before, during and after stimulation of the tongue with a 
chemical. The mean spontaneous activity for each unit was 
calculated by averaging impulse frequencies over the whole 
5 sec period prior to chemical stimulations. The magnitude of 
response of each unit to a particular stimulus was presented 
by the net number of impulses produced for the first 5 sec 
after stimulus onset, which was obtained by a subtraction of 


the mean spontaneous impulse discharges from the total 
number of impulses. Numbers of impulse discharges larger 
than the mean plus two standard deviations were taken as 
the final criterion for the occurrence of a response. The re- 
ceptive field for each stimulus in each unit was presented by 
the location on the tongue and the number of the region of 
which stimulation produced a response (location and size of 
the receptive field). The most sensitive region (best-region) 
for each stimulus was determined by comparing magnitudes 
of responses to stimulations of 5 different tongue regions 
with each other. Although our previous study [15] demon- 
strated that dog thalamic taste neurons showed not only 
exictatory responses but also inhibitory responses to taste 
stimuli, in the present experiment, receptive fields of 
neurons were studied by examining only exictatory re- 
sponses because of very low incidence of clear inhibitory 
responses. 

After recording from a taste responsive unit, a small elec- 
trolytic lesion (50 ~A for 30 sec) was made. The animal was 
sacrificed and the brain-was fixed in 10% Formalin. The 
brains were frozen and cut in 50 um sections. Serial sections 
were stained with luxol fast blue and cresyl violet according 
to Kliiver-Barrera methods [11]. Recording sites in the nu- 
cleus ventralis posteromedialis of the thalamus were iden- 
tified histologically, as described in our previous report [15]. 


RESULTS 


A total of 20 single thalamic taste units, all of which re- 
sponded to taste stimulation of the tongue ipsilateral to the 
recording site, were classified into 3 types according to the 
following response characteristics. In 11 out of 20 units, the 
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FIG. 2. A: Distribution of the receptive fields of 20 thalamic taste units classified into 3 types. Marks 
surrounded by one square, such as N, T, S and Q which indicate NaCl, tartaric acid, sucrose and 
quinine-HCl, respectively, present the effective stimuli for each unit. Solid lines drawn from each mark 
indicate the best-region for each stimulus, and dotted lines present sensitive regions other than the 
best-region. B; Distribution of responses to the four taste stimuli (N, T, S and Q) among the 5 different 
tongue regions. Each filled circle indicates an occurrence of the largest response among responses to 
stimulations of 5 tongue regions with each stimulus in each unit, and each open circle presents an 
occurrence of the response other than the largest response. 


location, the size and the best-region of the receptive field 
did not vary among their effective taste stimuli (type A 
units). Six units which responded to only one taste stimulus 
were included in this type A. In 5 units, the best-region did 
not vary with taste stimulus, but the location and the size did 
(type B units). In the remaining 4 units, the best-region var- 
ied with taste stimulus (type C units). Figure 1 shows sample 
records of taste responses of the units belonging to the 3 
different unit types. Type A unit in this figure responded to 
both NaCl and sucrose on mi region of the tongue with 35 
and 31 impulses/5 sec of response rates, respectively, and 
did slightly to those on a2 region with 6 and 5 impulses/S5 sec, 
but did not to those on m2 region. Thus in this unit, mi was 
the best-region for both NaCl and sucrose, and mi and a2 
were the receptive fields for both stimuli (Fig. 1-Type A). 
Type B unit in the figure shows the largest response to either 
NaCl, sucrose or tartaric acid on m2 region with 110, 75 or 78 
impulses/5 sec of response rate, respectively, but other sen- 
sitive regions are different among these 3 stimuli. That is, 
stimulation of p region with NaCl or sucrose produced a 
response but that with tartaric acid did not, while stimulation 
of mi region with NaCl or tartaric acid produced a response 
but that with sucrose did not, and stimulation of ai region 
with tartaric acid only did (Fig. 1-Type B). A type C unit 


shows the largest response to NaCl on a2 region with 112 
impulses/5 sec of response rate, while that to sucrose on m2 
region with 132 impulses/5 sec. Thus, in this unit the best- 
region was different between NaCl and sucrose, although mi 
region was a common sensitive region for both stimuli (Fig. 
1-Type C). 

Figure 2 shows the distribution of the receptive fields of 
20 units classified into the 3 types mentioned above. Marks 
surrounded by one square, such as N, T, S and Q which 
indicate NaCl, tartaric acid, sucrose and quinine-HCl, re- 
spectively, present the effective stimuli for each unit. Solid 
lines drawn from each mark to each block of the tongue 
indicate the best-region for each stimulus, and dotted lines 
present sensitive regions other than the best-region. As 
shown in this figure, the size of the receptive field vary 
among the units within an extent between 1 to 4 regions. 
Four out of 20 units have the smallest receptive field limited 
within | region, while 6 units have the receptive field extend- 
ing to 2 different regions, 7 units extending to 3, and the 
remaining 3 units extending to 4. The size of the receptive 
field did not vary with the number of effective taste stimuli 
for each unit, but did somewhat with the unit type; type A 
units tended to have smaller receptive fields than type B or C 
units did. 
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FIG. 3. Responses of a thalamic unit to NaCl (N) and sucrose (S) applied separately (1 and 2), 
simultaneously (3) and one after another (4 and 5) to the tongue. Stimulating regions of the tongue are 
a2 region for NaCl and m2 region for sucrose (A). Response to NaCl and sucrose applied simulta- 
neously to each region of the tongue was not much larger than those applied separately (B). 


In order to examine the regional responsiveness on the 
tongue to the four taste stimuli, the number of occurrence of 


responses of 20 units to the four taste stimuli was compared 
among the 5 different stimulating regions. Figure 2B shows 
distribution of occurrence of responses among the 5 tongue 
regions. In this figure, a filled circle indicates an occurrence 
of the largest response among responses to stimulations of 5 
tongue regions with each taste stimulus in each unit, and a 
open circle presents an occurrence of the response to each 
stimulus other than the largest response. Numbers of occur- 
rence of responses to the four taste stimuli applied to a1, a2, 
mi, m2 and p regions were 13, 15, 25, 18 and 13, respectively, 
while those of the largest responses to the stimuli on ai, a2, 
mi, m2 and p regions were 6, 6, 8, 14 and 7. These results 
suggest that middle part of the tongue, as a whole, is more 
sensitive to taste stimuli than anterior or posterior part of the 
tongue. As may be seen in Fig. 2B, there are some differ- 
ences among regional sensitivities on the tongue to the four 
taste stimuli. Responses to NaCl were most frequently 
produced by stimulations of a2 and mi: regions, while those to 
tartaric acid were by stimulations of mi region. However, if 
only the largest responses were considered, the regional 
difference of responses to these two stimuli were not evi- 
dent. On the other hand, the sensitivity for sucrose is very 
high at mi and m2 region as compared with the other regions, 
while that for quinine-HCl at p region. The anterior part of 
the tongue is not much sensitive to these two stimuli. 
Halpern and Nelson [8] have reported that some of the rat 
medulla neurons, which receive afferent taste inputs from 
both anterior and posterior tongue regions, responded more 
strongly to posterior tongue stimulation after the 
anesthetization of the chorda tympani nerve than that be- 
fore. Therefore, we examined the interaction of afferent 
taste inputs on a single thalamic neuron. As can be seen in 


Fig. 3, a type C unit, samples for this examination, re- 
sponded very strongly to NaCl applied to a2 region and su- 
crose to m2 region, but only slightly to those applied to the 
other regions. However, the response to these two stimuli 
applied simultaneously to each best-region was not much 
larger than those to each stimulus applied separately (Fig. 
3B, 1, 2 and 3). In addition, stimulation of one of the two 
stimuli followed by that of the other did not clearly add im- 
pulse discharges (Fig. 3B, 4 and 5). We found one more type 
C unit which showed essentially the same response charac- 
teristics to two different stimuli applied to different tongue 
regions as those just mentioned. The fact that a simple sum- 
mation of response rates to each stimulus was not evident 
may suggest the inhibitory interaction between the afferent 
inputs from different tongue regions. 


DISCUSSION 


The ipsilateral projection of gustatory fibers to the 
thalamic taste area has been known in several mammalian 
species [2, 3, 5, 6]. The single unit recording from the dog 
thalamus indicate that the ipsilateral projection to the 
thalamus also exists in the dog. 

Various receptive patterns of afferent inputs on the single 
thalamic taste units were revealed in this study. The exist- 
ence of units which have varying receptive fields among ef- 
fective taste stimuli for the units has already been reported in 
the rat pontine [3] and the carp ithmic [13] taste neurons. 

It has been reported that the most sensitive region to taste 
stimuli is located at the tip of the tongue in the rat [14], while 
that is at the most posterior part of the tongue supplied from 
the chorda tympani nerve in the cat [10], although that 
somewhat varies among taste stimuli. The present results in 
the dog are rather similar to those in the cat, since the m2 
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region may be equivalent to the most posterior chorda tym- 
pani region of the tongue (Fig. 2). The regional distribution of 
taste responsiveness on dog’s tongue has been studied by 
examining responses of chorda tympani [1] and geniculate 
ganglion units [4]. Being not clearly present in geniculate 
ganglion units [4], the local taste specificity of dog’s tongue 
was considerably evident in chorda tympani units [1]. That 
is, the tip of the tongue is most sensitive to salt, while the 
sensitivity for acid is evenly distributed over the whole 
tongue and that for sweet is maximal at the most posterior 
part of the tongue supplied from the chorda tympani nerve. 
Taking this together with the results provided by Funakoshi 
and Kawamura [7] that responses of the dog glos- 
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sopharyngeal nerve to quinine-HClI were larger than those of 
the chorda tympani nerve, results obtained from the dog 
thalamus are well in agreement with those from the periph- 
eral taste nerves. These observations indicate that the local 
taste specificity of dog’s tongue observed in peripheral level 
may well be maintained at the level of the thalamus. 
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TAGLIAFERRO, A. R. AND D. A. LEVITSKY. Overcompensation of food intake following brief periods of food 
restriction. PHYSIOL. BEHAV. 29(4) 747-750, 1982.—Four adult female Sprague-Dawley rats, maintained on an ad lib 
feeding schedule were deprived for either 0, 0.5, 1, 2, 4, 6, or 8 hours during the dark phase of the day-night cycle. It was 
found that the latency to initiate the first meal following the deprivation was independent of the previous deprivation 
interval. The animals were found to overcompensate for the periods without food by eating a large initial meal that 
increased proportionately in size with the duration of food restriction. Furthermore, the animals continued to overeat 
throughout the day. This deprivation-induced overeating by the animals resulted in an overcompensation in total food 
consumption that was 21-56% greater than on control days. The role of food intake as a regulator of body weight is 


discussed. 


Food intake Food deprivation Food regulation 


IT has been contended that daily food intake of the labora- 
tory rat is closely regulated [18]. Hence, there has been 
much experimental work devoted to demonstrating the pre- 
cision of short-term food intake and the physiological mech- 
anism(s) that control it [9, 22, 23, 25, 26, 27, 29, 31]. In 
particular, it has been hypothesized that the initiation of food 
intake is controlled primarily by rate of gastric emptying of a 
previous meal [30], and that the frequency of meals is the 
parameter by which an animal regulates its energy intake 
from day to day [13]. 

The present investigation examined the relative accuracy 
of daily food intake of the rat following relatively short 
periods of food restriction. The errors in adjustments that 
followed clearly demonstrate that daily energy intake is not 
closely regulated and that environmental factors play an im- 
portant role in determining food intake of the rat. 


METHOD 


Animals 


Subjects were four adult, female albino Sprague-Dawley 
rats (Holtzman, Madison, WI), ranging in weight from 282- 
322 grams. 


Apparatus 


The animals were tested individually in standard 
Wahmann cages modified with Plexiglas feeding tunnels as 





Energy balance 


reported previously by Levitsky [15]. The experimental 
room was illuminated on a reverse light-dark cycle with 
lights going off at 0700 hours. The animals were fed a pow- 
dered chow diet (Purina Ralston, Indianapolis, IN) in twenty 
small plastic cups that were mounted on a circular, motor- 
driven feeding magazine. Each cup held approximately 
15-18 grams of chow. The magazine was programmed to 
advance the next food cup automatically following the com- 
pletion of a meal. 

A meal was defined to have occurred when an animal ate 
a minimum of one-tenth gram of food followed by a period of 
fifteen consecutive minutes during which the animal did not 
re-enter the feeding tunnel. 

Tunnel entries were detected by the closure of a micro- 
switch that was secured to the floor panel of the feeding 
tunnel and those were recorded on a Gerbrand’s four- 
channel event recorder. 


Procedure 


The animals used in the experiment lived in the experi- 
mental cages and were adapted to the feeding apparatus and 
daily maintenance schedule for three weeks prior to the start 
of the experiment. The mean daily food intake and standard 
error for eight days were 17.46+0.82 g. 

Each day at 0900 hours, the animals were removed from 
their home cages, weighed and placed in holding cages for 
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TABLE 1 


FOOD INTAKE ON DAYS OF VARIOUS PERIODS OF FOOD RESTRICTION 
AND NON-RESTRICTION 





Food Restriction (hrs) 





Initial Meal (g) 
Control* 


Experimental 


Residual Intake (g) 
Control? 


Experimental 
+4.96 





*Cumulative food intake during the period from initiation of the experimental session 
to the end of initial meal following restriction. 
+Total food intake less that included in the initial meal. 


approximately seventy-five minutes. During that time, 


water, but not food, was available to the animals. Food cups 
were weighed and cage maintenance was done. The animals 
were then returned to their home cages and allowed access 
to food for fifteen minutes. If the animals initiated a mean 
during that time, the experimental session did not begin until 


ten minutes had elapsed since the last animal stopped eating. 
At that time, an empty food cup on the feeding magazine was 
advanced to the end of the tunnel and the apparatus shut off. 
The duration of food restriction was either 0.5, 1, 2, 4, 6, or 8 
hours. At the end of the restriction period, a filled food cup 
was then advanced. 

The duration of the experiment was eight days. During 
the first six days, food restriction was imposed on the 
animals. Each animal served as its own control experiencing 
each restriction condition once during that time. To control 
for order effects, the four animals were divided into two pairs, 
and were assigned random schedules of restriction treatment 
so that on no one day did both pairs experience the same 
duration of food restriction. Days 7 and 8 were the control 
days. On these days, the same procedures was followed ex- 
cept no food restriction occurred. 

Total food intake, size and frequency of meals during the 
eight days were recorded and analyzed. 


Definitions 


Initial Meal Size: Total food intake of the first meal during 
the first hour following food restriction. 

Residual Food Intake: Total food intake during a twenty- 
four hour period minus the size of the initial meal. 

Compensatory Intake: Accuracy of compensation in food 
intake during days of food restriction was determined by 
comparing the size of the initial meal on restriction days with 
the cumulative intake of food by the animals on non- 
restriction days during the period from the initiation of the 
experimental session to the termination of the initial meal 
that followed restriction. Similarly, residual intake on re- 


striction days was compared with intake over the same time 
period on non-restriction days. 


RESULTS AND DISCUSSION 


First, it should be noted that during the experiment, the 
animals consistently ate a meal almost immediately upon 
their return to their home cages following daily maintenance. 
This phenomenon of non-deprived animals eating im- 
mediately after being handled also has been noted in previ- 
ous feeding studies [5,16]. 

The response latencies to eat the initial meal following 
food restriction were highly variable and, therefore, were not 
significantly different among the animals across conditions. 
The animals food-restricted for 1 and 2 hours tended to have 
the shortest response times before eating. On the days the 
animals were food restricted for shorter or longer durations, 
the response latency tended to increase. 

Initial meal sizes were significantly greater than the total 
food consumed up through the same hour on controls days 
(Sign Test, p<0.05) [28]. The size of the initial meals in- 
creased proportionately with the duration of food restriction 
(r=.61, p<0.01). The largest meals were eaten on the days 
the animals were without food for 1 and 2 hours, respectively 
(Table 1). 

More important to the question of accuracy in compensa- 
tion, however, the volume of residual food intake also in- 
creased significantly on the experimental days (Sign Test, 
p<0.0001) (Table 1). Excluding the initial meal, the average 
residual intake on the experimental days was 33% greater 
than on control days. Furthermore, total twenty-four hour 
intake increased with duration of food restriction and was 
greatest following restriction treatments of two and four 
hours (Fig. 1). Increases in total intake following the longer 
restriction treatments tended to be less. This latter finding 
has been observed by others [4] and most probably is related 
to the limited availability of food the animals had during the 
dark cycle [6]. A quadratic function was the best fitting curve 
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FIG. 1. Cumulative food intake (g) following the different periods of 
food deprivation. Solid and open bars indicate the onset and ending 
of the animals dark-light cycle. 


of total food intake across treatment conditions R=.85 
(p<0.01). 

The findings of the present investigation are inconsistent 
with previous studies that have reported compensatory food 
intake following a short fast to be done exclusively by in- 
creasing the size of the initial meal [4,14]. Analyses of meal 
size and frequency indicated no statistically significant 
differences across conditions. However, inspection of the 
data revealed that the animals tended to compensate for the 
various periods without food by eating larger meals. Meal 
frequency increased slightly only following food restriction 
periods of 2 and 4 hours. 

Experimental findings that have been used as evidence 
for the precision of food intake in energy regulations typi- 
cally have occurred under experimental conditions in which 
fairly large energetic errors were created by either cold 
stress [11], forced exercise [19] or intragastric preloads [7]. 
In the present investigation, the accuracy of food intake was 
examined in response to energetic errors that were close to 
the animals normal range of variation. That is, approx- 
imately 70% of the rat’s daily food intake is consumed during 
the night or the dark phase of its diurnal cycle [27]. The 
average meal size eaten is approximately 2 g (7 kcal) with an 
interval between meals of 2-2.5 hours [13,16]. In the present 
investigation, it was found that on the days the animals were 
food restricted for either 0.5, 1 or 2 hours, they began to eat 
their first meal sooner than on the control days. Further- 
more, the size of the meals was significantly larger than 
would have been predicted if simply physiological cues were 
operating. For example, the sizes of the initial meal on those 
days were 76, 123 and 82% greater respectively than the 
animals’ intake up through the corresponding hours on the 
control days. Since the animals had eaten prior to food re- 
striction, these findings are even more impressive. Further- 
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more, except for the day the animals were food restricted for 
one hour, the animals overcompensated for the relatively 
short periods of food restriction. 

In contrast, on the days that no food restriction was im- 
posed, intake levels of the animals were comparable to those 
during the days prior to the experiment. 

The present experimental findings are inconsistent with 
those reported previously by Bare and Cicala [4]. In their 
study, it was observed that a duration of food deprivation 
longer than four hours was necessary to stimulate an in- 
crease in food intake. However, the animals in their study 
were food deprived for 24 hours before the start of the exper- 
iment. In the present investigation, the animals were exper- 
imentally naive. This point is worth noting since it has been 
shown that laboratory animals with previous experience on a 
deprivation schedule show a better adjustment in food intake 
than do naive animals [2]. 

The present findings, however, were in agreement with an 
earlier paper by Bare [3] who observed that when rats were 
food deprived for 2, 4, 8, 12, 18 or 24 hours, compensatory 
food intake was greatest following deprivation periods of 2 
and 4 hours. 

In conclusion, the overcompensation in food intake 
demonstrated by the animals in the present study seriously 
question the reliability of food intake as a close regulator of 
body weight. Rather, the present results would suggest that 
the primary role of food intake in the day to day maintenance 
of body weight is in making gross adjustments to large defi- 
cits or surpluses in energy intake. In fact, there is consider- 
able experimental evidence to suggest that such adjustments 
in food intake are not necessary for bodyweight to recover 
from energy imbalances produced by caloric deprivation 
[1,17], or overconsumption [24]. 

Prior to the start of the present experiment, the animals 
had a daily rate of body rate fluctuation that averaged 1.5 g 
over a three day period. During the six-day period of food 
restriction that followed, the rate of daily fluctuation almost 
doubled to 2.9 g. Given the short duration of the study, this 
increased rate of weight gain most probably reflected the 
animals’ overfilling of the gastrointestinal tract with food and 
water. 

Since it is well established that variations in body weight 
for the adult animals remain fairly small over long periods of 
time, it would suggest that under or over-compensations in 
caloric intake must be counterbalanced by other physiolog- 
ical and/or biochemical mechanisms. 

It has been known for several years that the efficiency of 
energy metabolism in man and animal can change depending 
upon the organisms’ plane of nutrition [10,12]. However, it 
has only been in recent years that such a mechanism has 
received serious consideration as an important factor in the 
regulation of energy balance [8, 20, 21, 25]. 

Thus, the relative contribution of feeding behavior and 
energy expenditure as energetic mechanisms involved in the 
stability of body weight may be that on a daily basis, feeding 
behavior serves a qualitative and approximate response to an 
energetic error; but over the long term, the precise quantita- 
tive adjustments occur through the modulation of energy ex- 
penditure. 
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WHISHAW, I. Q. A simple behavioral paradigm for the study of Type I hippocampal rhythmical slow activity (RSA) 
frequency shifts. PHYSIOL. BEHAV. 29(4) 751-753, 1982.—A simple behavioral paradigm is described in which hip- 
pocampal electroencephalographic (EEG) rhythmical slow activity (RSA) frequency shifts can be correlated with other 
central or behavioral events. Rabbits placed in various postures right spontaneously in a relatively stereotyped way. The 
movements are associated with RSA frequency shifts and the highest RSA frequencies occur when rabbits right from an 
inverted posture. The peak RSA frequency is correlated with rapid head rotation. Not only does this paradigm provide a 
simple way of studying RSA frequency correlates, the results obtained in its description suggest that there is a close relation 
between the speed with which a movement is initiated rather than with the distance that an animal is carried by the 


movement. 


Rhythmical slow activity frequency shifts and behavior 





UPWARD shifts in the frequency of hippocampal rhythmical 
slow activity (RSA or theta) occur when animals initiate cer- 
tain types of movements such as jumping [1-7]. Rats trained 
to make a 28 cm standing jump have peak RSA frequencies 
of about 9-10 Hz, while rats jumping 56 cm have peak fre- 
quencies of about 11-12 Hz. The actual aspect of behavior 
correlated with these frequency shifts is not known. Speed of 
movement has been ruled out as the critical correlate since 
RSA frequency is relatively constant over a wide range of 
steady running speeds [1, 6, 7]. Force per unit time (im- 
pulse), force, and acceleration have also been ruled out by 
measures made on jumping rats carrying lead backpacks to 
increase weight and by measures made on their takeoff la- 
tency [2,5]. The remaining possible correlates are the speed 
with which a movement is initiated or the distance that the 
animal is carried through its environment by the movement 
[2,3]. There are problems with using jumping as a paradigm 
to study this phenomena. First, considerable time is required 
to train animals to jump to either avoid shock or to approach 
food. Second, the movement is complex. Peak frequency 
RSA occurs after liftoff and before landing and may thus be 
related to difficult to measure running movements that the 
rats make in flight [7], unpublished observations). Third, 
speed of movement initiation and distance travelled covary 
and are difficult to disassociate. 

This paper describes RSA frequency shifts that occur dur- 
ing a different behavior that does not suffer from some of the 
drawbacks described for jumping. The behavior is righting 
on a surface from various postures. In the rabbit, no rein- 
forcement or special training are necessary and the move- 
ments are very stereotyped and can be reliably obtained. 
Like jumping in the rat, the movements are ballistic and can 


Hippocampus 


Rabbits 


be preceded by a period of complete immobility. Unlike 
righting, speed of movement initiation and distance moved 
through space can be uncoupled. The results suggest this 
behavior is a useful paradigm for studying RSA frequency 
shifts. The results obtained with this demonstration 
strengthen support for the idea that frequency shifts are re- 
lated to the speed with which movements are initiated. 


METHOD 


The experiments were performed with 4 Dutch Belt rab- 
bits (Orytalagus cuniculus) which weighed between 1-2 kg. 
Recording macroelectrodes were two 245 uw diameter stain- 
less steel wires that were insulated to the cross section of the 
tip. The electrodes were implanted with tips separated by 1.5 
mm and they were aimed for the dorsal hippocampus so that 
one tip lay in stratum oriens of the dorsal hippocampus and 
the other lay in stratum moleculare of the dentate gyrus. 
Under sodium pentobarbital anesthesia, electrodes were 
stereotaxically implanted 4.5 mm posterior to bregma, 5.0 
mm lateral to the midsagittal suture, and 8 mm ventral to the 
dura. Electrodes were soldered to male connectors and in 
the experiments these were affixed to flexible leads con- 
nected to a Grass 7C polygraph. EEG was recorded on the 
polygraph with half-amplitude filters set at 1 and 75 Hz. 

The rabbits were placed on their back (inverted), side 
(lateral), front (prone), or in a normal sitting posture. In the 
first three postures, the animal’s head was against the floor 
surface. The first movement made to resume a normal sitting 
posture, and in the case of sitting, to hop at least one body 
length away, was detected with a capacitance sensing device 
attached to the polygraph chart. The RSA period associated 
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FIG. 1. The relation between RSA frequency and the initiation of movement from 
four immobility positions. The wave number refers to waves preceding and following 
the point at which the rabbit initiated the movements. Each curve represents the 
mean of ten trials from each of four rabbits. 


with this point was identified as the ‘‘0’’ wave. Then, with 
a clear plastic ruler, the 8 preceding and 8 following wave 
periods were measured and summed over ten trials per posi- 
tion per rabbit. To identify the movements associated with 
particular RSA frequency shifts, the EEG chart and the rab- 
bit were videorecorded together using a split screen tech- 


nique and a variable speed videorecorder. The movements 
associated with peak frequency shifts were then identified by 
inspection of the videorecord. 


RESULTS 


When placed in the different postures the animals remain 
immobile for various periods of time, usually less than a 
minute. Before the animals began a righting response RSA 
was Clearly present in the hippocampal record, and RSA 
increased in frequency as the righting response was made. 
The results of the EEG wave period measures are illustrated 
in Fig. 1. It can be seen in Fig. 1 that a slight upward shift in 
frequency began a few waves before the animal initiated a 
movement, that frequency continued to rise as the move- 
ment of righting was executed, and then frequency de- 
creased. Analysis of variance showed that the frequency 
shift associated with the righting response was significant, 
F(16,144)=29.6, p<0.001. There was also a significant effect 
of posture, F(3,64)=11.6, p<0.001, and a significant interac- 
tion, F(48,144)=6.2, p<0.001. Scheffé follow-up tests on the 
frequency of the first three waves following the point of 
movement initiation showed that righting from the inverted 
posture had higher RSA frequencies than righting from the 
lateral or prone postures. Frequencies for righting from the 
lateral and prone postures did not differ, but they were faster 
than those for the movements made by the rabbits from a 
normal sitting posture. 

Examination of the video recordings of the movements 
and the EEG showed that there was a close relation between 
the movements of righting and the frequency of RSA. 


Movement from the normal posture consisted of a head 
movement followed by hopping, whereas movement from 
the prone and lateral postures consisted of a head movement 
which brought the head toward the normal position and 
which was followed by righting of the body. These move- 
ments were neither particularly fast or vigorous. By con- 
trast, righting from the back posture was a vigorous and 
rapid movement. Righting began with a slight movement of 
the forequarters of the body to one side, the rear legs were 
then extended upward, the toes spread, following which the 
head was carried by the forequarters of the body in a quick 
rotation to an upright position, and lastly the rear of the body 
rotated and came to an upright position. We marked 
the wave periods preceding and following the head turn dur- 
ing righting. The head movement began at the point of the 
wave preceding the fastest wave and ended at about the 
wave following the fastest wave. Thus the three fastest 
waves were associated with the movement of the head to a 
normal position. This relation was clearest for animals right- 
ing from the inverted and lateral postures but was much less 
distinct for righting from the front posture. The lack of a 
clear relation in the latter case was due in part to the slow- 
ness of the response and due in part to the fact that some- 
times the rabbit raised its head in one movement and then 
stood up in a second movement. 


DISCUSSION 


The results of the experiment demonstrate that clear RSA 
frequency shifts are associated with righting responses made 
by the rabbit. The behavior is a rapid ballistic movement, it 
can be obtained without prior training, and it is stereotyped 
and remarkably similar from trial to trial. The frequency shift 
that occurs when a rabbit rights from an inverted posture is 
as great or greater than that which occurs when a rat makes a 
jump of 56 cm, about the highest jump that it can make from 
a standing position. This simple behavioral paradigm could 
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prove useful in the analysis of the relationship between RSA 
frequency shifts and movement. In the current experiment 
there appeared to be a close relation between the movement 
of the head and the fastest RSA waves. This may mean that 
frequency shifts have a special relation to changes in activity 
in the vestibular system. Subsequent analysis could be di- 
rected to assessing the possibility of a correlation between 
phasic vestibular stimulation and RSA frequency shifts or 
between phasic activity in vestibular nuclei of the brainstem 
and RSA frequency shifts. Movement tranducers placed on 
the head and central recording in vestibular pathways could 
provide measures that may correlate with hippocampal slow 
wave periods. 

The results of this demonstration can also be usefully 
brought to bear on the question of whether RSA frequency 
shifts are more closely correlated with the speed of move- 
ment initiation or distance that an animal moves. Since the 
righting rabbit remains in the same place but shows an enor- 
mous RSA frequency shift, the results seem to favor the idea 
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that the frequency shift is related to the speed of movement 
initiation. The head rotation during righting from an inverted 
posture was extremely rapid lasting less than 0.3 sec. 
Further support for this relation comes from comparisons to 
the frequency shift and the distance moved for rabbits mov- 
ing from a normal sitting posture. On many occasions they 
moved as far as a meter, yet the RSA frequency shift was 
little more than about 8 Hz. Thus it would appear that the 
best correlate for RSA frequency shifts is the speed of 
movement initiation, a relation that has little difficulty ac- 
commodating the results from jumping studies, and running 
wheel studies in which animals had to initiate running at 
different speeds [1-7]. 
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SHAW, N. AND D. M. WEBSTER. Disruption of conditioned taste aversion by the combined effects of LiCl and ECS. 
PHYSIOL. BEHAV. 294) 755-757, 1982.—Rats were taught a conditioned taste aversion by allowing them to drink 
sucrose (CS) for 5 min and 30 min later poisoning them with LiCl (UCS). Experimental animals were given ECS (80 mA for 
250 msec) at 0, 15, 20, 25, 27.5, 30, 32.5, 35, 40, or 45 min after the CS. Only animals given ECS both within the CS-UCS 
interval and in close temporal proximity to the UCS (within 5 min) showed a significant, although limited, disruption of 
learning. At least two explanations are possible. The first is that apart from its toxicity, LiCl may also possess amnesic 
properties which interact with those of the ECS. Alternatively, ECS may have impaired the ability of the animals to fully 


experience the lithium-induced illness. 
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IF a rat is allowed to drink a novel flavored solution and then 
poisoned, the animal will develop an aversion to that flavor 
and tends to avoid it upon future encounters. This type of 
learning may be called conditioned taste aversion (CTA) and 
in at least two respects seems to be particularly suitable as a 
conditioning paradigm on which to study the effects of mem- 
ory disruptive agents [5]. First, the aversion may be estab- 
lished even though the taste cue (CS) and the toxic conse- 
quences of the poisoning (UCS) are separated by quite long 
intervals and second, strong aversions can be established 
after only one pairing of the CS and UCS [4]. This allows the 
interpolation of possible memory disruptive agents both 
within the CS-UCS interval, as well as following it and there- 
fore provides an excellent means to study the processes by 
which the CS and UCS are associated. Among the memory 
disruptive agents whose effects on CTA have been examined 
in this manner are electroconvulsive shock (ECS) [6, 7, 8, 10, 
12] and the analeptic drug pentylenetetrazol (PTZ) [1, 9, 11]. 
PTZ causes similar neurophysiological and convulsive ac- 
tivity to that of ECS. 

Two studies have shown that PTZ will disrupt CTA but 
only if the PTZ is given in close temporal proximity (within 5 
min) of the administration of LiCl, which served as the UCS 
[9,11]. In the present study ECS was interpolated at times 
both within a 30 min CS-UCS interval and up to 15 min 
following it. As with PTZ, it was found that only when ECS 
was administered either simultaneously with, or just prior to, 
that of LiCl was there a marked learning deficit. 


METHOD 


Subjects were 104 male rats (300-400 g). Throughout the 
experiment they had access to laboratory pellets ad lib in 
their home cages. 
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Animals were initially placed on a water deprivation 
schedule and for 10 min per day were allowed to drink tap 
water in individual drinking boxes. Rats drank from a spout 
connected to a 50 ml cylinder so that daily fluid intake could 
be recorded. After 7 days, water intake rates had stabilized 
and the animals were randomly divided into groups. Each 
group contained 8 animals but not all animals were run simul- 
taneously. There were 10 experimental and 3 control groups. 

On the following (conditioning) day, all experimental 
groups (groups I-10) had access to a 10% sucrose solution 
for 5 min in their drinking boxes and 30 min after drinking all 
were poisoned with an IP injection of 0.15 M LiCl (20 ml/kg). 
Experimental animals also received one ECS at a time either 
within the CS-UCS interval or following it. ECS (80 mA for 
250 msec) was delivered via miniature bulldog clips placed 
on the animals ears just prior to the current being passed. 
Electrode jelly was smeared on the insides of each clip. The 
duration and amplitude of the ECS was monitored with an 
oscilloscope. 

Group | (ECS—0) was given ECS immediately after 
drinking sucrose, group 2 (ECS—15) was given ECS 15 min 
after drinking, group 3 (ECS—20) at 20 min, group 4 
(ECS—25) at 25 min, group 5 (ECS—27.5) at 27.5 min, group 
6 (ECS—30) at 30 min (simultaneously with the injection of 
LiCl), group 7 (ECS—32.5) at 32.5 min, group 8 (ECS—35) 
at 35 min, group 9 (ECS—40) at 40 min, and group 10 
(ECS—45) at 45 min. Group 11 were poisoned controls. 
They were treated identically to the experimentals except 
that they were not given ECS. Once during the CS-UCS 
interval each animal had bulldog clips attached to its ears but 
no current was passed (sham-shock). Group 12 were un- 
poisoned controls. They were treated identically to the 
poisoned controls except that instead of being poisoned they 
were injected with isotonic saline (20 ml/kg) and were not 
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FIG. 1. Mean sucrose intake for all groups on the test day. Dots represent the sucrose intake of 


individual animals. 


subject to sham-shock. Group 13 were ECS controls to de- 
termine whether ECS could serve as a UCS with which to 
establish a taste aversion. Animals in this group drank su- 
crose for 5 min and 15 min later were given ECS. 

During the next 2 days animals drank water for 10 min in 
the drinking boxes. On the following (test) day all animals 
again had access to a 10% sucrose solution, this time for 10 
min. 

Following the conditioning trial, one animal given only 
LiCl died. The water intake of a second animal given a com- 
bination of LiCl and ECS did not return to normal by the 
second day following the conditioning trial and this subject 
was discarded. Rats of comparable weight replaced these 
two animals. No other animals died or had to be discarded. 


RESULTS 


On the conditioning day, the mean sucrose intake for 
groups I-13 were 9.3, 10.6, 9.6, 11.5, 9.6, 9.5, 8.8, 9.6, 9.8, 
10.0, 9.8, 9.1 and 8.9 ml, respectively. There were no signifi- 
cant differences among groups, F(12,91)=1.06, p>0.1. 
Mean sucrose intake for the 13 groups on the test day is 
shown in Fig. 1. Sucrose intake of individual animals is also 
plotted. It is assumed that the more the experimental animals 
drank on the test day, the greater was the disruptive effect of 
the ECS on learning. Analysis of variance indicated signifi- 
cant differences among groups, F(12,91)=38.9, p<0.005. 
Duncan’s Multiple Range Test [3] was used to make pairwise 
comparisons among groups using the 0.05 level of confi- 
dence. Of the 10 experimental groups, only groups 4-6 
(ECS—25, ECS—27.5 and ECS—30) drank significantly 
more than the poisoned controls. None of these three groups 


differed from one another. From Fig. | it is clear that several 
animals in groups 7 (ECS—32.5) and 8 (ECS—35) showed 
some evidence of learning disruption and overall these two 
groups did not differ from either groups 4 (ECS—25) or 5 
(ECS—27.5). The unpoisoned controls (group 12) and the 
ECS controls (group 13) did not differ from each other and 
both groups drank significantly more than any other group. 

In summary, only those groups given ECS both within 5 
min of the injection of LiCl and within the CS-UCS interval 
showed a significant disruption of learning. Even this learn- 
ing loss was only partial as indicated by the drinking behav- 
ior of the unpoisoned controls. There was also no indication 
that ECS had any properties with which to establish a taste 
aversion. 


DISCUSSION 


At least two explanations are possible for the loss of 
learning observed when ECS was given in close proximity to 
the injection of LiCl. The first is that the ECS may act in 
such a manner that the animal does not fully experience the 
effects of the lithium-induced toxicosis. This would result in 
a weakened aversion to the taste cue and there are two 
methods by which it could occur. The first is that the ECS 
could interact with the LiCl and so neutralise its toxic prop- 
erties. This possibility was discussed by Millner and Palfai 
[9] when they examined the effects of the simultaneous ad- 
ministration of PTZ and LiCl on CTA. The second method is 
that ECS may simply render the animal insensitive, or par- 
tially so, to the lithium-induced illness for a sufficiently long 
period that only a weakened aversion to the taste cue is 
acquired. It has been suggested that while lithium sickness 





DISRUPTION OF TASTE AVERSION 


may last for quite long periods, the duration of unconscious- 
ness caused by ECS, as indicated by loss of reflex activity, 
appears to be quite discrete and transient. It might be as- 
sumed therefore that even if ECS succeeded in attenuating 
the toxic sensation of lithium illness, such a state would be 
only temporary and the animal would soon be exposed to the 
full effects of the poisoning [6]. Nonetheless it is difficult to 
determine with any certainty the relative durations of lithium 
illness versus that of any protective effect the ECS may have 
in shielding the animal from the full extent of the poisoning. 
In this regard the return of reflex activity may be a mislead- 
ing guide to the state of the animal's internal sensations. 

The second possible explanation is that the loss of learn- 
ing results from a genuine memory disruption phenomenon. 
It has been suggested that LiCl may have dual properties, 
serving both to poison the animal and also to produce neuro- 
physiological activity which could combine with that caused 
by an amnesic agent to disrupt some aspect of the memory 
trace underlying CTA [11]. That lithium does affect the cen- 
tral nervous system is clear from its important role in con- 
trolling manic-depressive psychosis, although its mechanism 
of action is largely unknown. Conversely, the toxic conse- 
quences of LiCl needed to establish a CTA are probably 
mediated by peripheral rather than central effects [13]. This 
theory was used to explain why interference with CTA was a 
function of how close temporally the administration of PTZ 
was to the injection of LiCl [9,11]. A similar explanation 
might be applied to the results of the present study where 
ECS was substituted for PTZ. 

One way of testing the validity of this hypothesis might be 
to examine the effects of ECS on taste aversions established 
with an UCS other than LiCl. If LiCl does possess such dual 
properties it would be predicted that disruption of learning 


should occur only when the illness-inducing agent was LiCl. 
However, it would also be important to determine that any 
aversions so established should be equal in strength to the 


one acquired when LiCl was the UCS, otherwise any dis- 
ruption to the conditioning caused by ECS might be difficult 
to interpret. This is because Kral [6,7] has shown that ECS 
interpolated at apparently any time within a CS-UCS interval 
may result in a loss of learning. This suggests that under 
some circumstances such as with a relatively weak condi- 
tioning paradigm or where the ECS is delivered in a trans- 
cortical manner rather than transpinnately, ECS may be suf- 
ficiently traumatic by itself to impair learning. 

An examination of Fig. | shows that there was a differen- 
tial amnesic effect depending upon whether the ECS was 
given in the 5 min preceding the injection of LiCl (including 
ECS given simultaneously with LiCl) or in the 5 min follow- 
ing the injection. The three groups in the former category 
(ECS—25, ECS—27.5 and ECS—30), all drank significantly 
more sucrose than the poisoned controls. However, the two 
groups in the latter category (ECS—32.5 and ECS—35) did 
not show an overall significant deficit despite some individ- 
ual animals who did. The explanation for this effect may lie 
in a study by Kral and Beggerly [8]. They examined the 
effects of ECS on CTA following the injection of LiCl and 
concluded that while some aspect of the neural trace under- 
lying CTA is sufficiently labile to be disrupted before the 
onset of the UCS, once the toxic consequences of the UCS 
have taken effect, the neural trace rapidly stabilizes and be- 
comes immune to further disruptive attempts. In their study, 
as in the present one, ECS given only 2.5 min after the LiCl 
did not result in a significant learning deficit. 

Two previous studies were unable to demonstrate that 
ECS could act as a UCS with which to establish a taste 
aversion [2,10]. Animals in group 13 (ECS—control) drank 
an almost identical amount of sucrose on the test day to 
those of the unpoisoned controls, thus showing no indication 
of conditioned aversion. This is in contrast to PTZ which can 
act as a UCS to establish a mild taste aversion [11]. 
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WEYERS, M. H. AND M. ANNYS. Two apparatus for detection of motility and water consumption of rodents. 
PHYSIOL. BEHAV. 294) 759-762, 1982.—Two apparatus for time sequences data acquisition are described. The first is 
designed for detection of motility. It acts according to the principle of inertia. Movements of animal are transmitted to a 
plate supported by steel balls with a minimal resistance. Horizontal oscillations are detected using an electro-optical 
system. Very weak movements can be recorded. The second indirectly records feeding behavior (water intake) using also 
an optical detection of the air bubble passing through the glass-tube of the feeding-bottle. The long-term stability, accuracy 


and sensitivity of the apparatus are discussed. Examples of application are quoted. 


Motility Activity Drinking Cycles 


Time regulation 





THE measurement of gross motor behavior of rodents, be- 
fore, during and after the handling involved in a given exper- 
iment, contributes to the analysis and discussion of results. 
Generally speaking, an experimental sequence presents a 
relatively limited time-window and can conceal important 
aspects of behavior regulation. Records more extended in 
time can reveal any long-lasting effects of an experimental 
manipulation. 

If one wishes to study behavioral variations (i.e., after- 
effects or rhythms), it can be useful to record simulta- 
neously, on the same animal, several behavioral variables, 
such as temporal dissociations concerning parameters of 
motility and water ingestion in rats undergoing specific 
treatments (i.e., social deprivation, alteration of imposed LD 
cycles, etc.). 

In this perspective we have developed two apparatus li- 
able to solve questions of this kind. The device’s low cost 
and simplicity of construction allows to record simulta- 
neously the above mentioned parameters in several animals 
under the same spatio-temporal conditions, with the obvious 
advantage of possible reducing of variance and errors. 


MATERIAL 


Motility Recorder 


Locomotor activity is a classic variable in numerous ex- 
periments and reviews [1,3] of various methods have been 
published. Each of them presents advantages or disadvan- 
tages with respect to the underlying rationale of the experi- 
mental design. For example, a wheel-running apparatus does 
not describe the whole activity distribution but can point to a 
particular aspect of the phenomenon. An open-field appara- 
tus can be an activity-meter too, but it is obvious that it 
cannot be used simultaneously on a large number of animals 





nor during long time intervals. On the other hand, it is a 
convenient technique for the analysis of single-case behavior 
sequences. Other techniques exist for recording global ac- 
tivity, using light-beams, electro-magnetic fields etc. Some 
detect the movements of individuals within a group of 
animals. Among these are included different kinds of 
‘*stabilimeter’’ transmitting movements to a sensor trough a 
flexible joint (rubber, spring). 

Our apparatus is also based on the principle of inertia. 
The forces generated by animal’s movements are transmitted 
to a supporting plate. This plate is mounted on ball-bearings 
in view to minimize inherent frictions. The particularly weak 
mechanical resistance of a ball lowers the threshold of de- 
tection of animal body movements. 

The apparatus (1) consists of two pleated and reinforced 
aluminum plates (Upper: 260 1901.5 mm, lower: 260x 
185 1.5 mm, with limiting side flaps of 20 mm each). A bear- 
ing is placed at corners (Fig. 1, 1). Each bearing (8 parts) is 
shaped in a piece of P.V.C. (35x35x8 mm) compressed by 
means of a stamping ball (25 mm dia.) under hot air. The four 
steel balls (18 mm dia.) placed between upper and lower 
bearings connect both plates. The assembly and centering of 
the different elements is easily operated after inserting thin 
fragments of flexible mastic compound (4 per bearing) be- 
tween the aluminum plates and the back of the P.V.C. bear- 
ings. A combination of pressure and rotary motions correctly 
and definitely centers all the components. Sections of P.V.C. 
tubes (lower: 25xX10X1.5 mm, upper: 32x 10x1.5 mm), 
stuck on the P.V.C. pieces (P.V.C.-paste), are used to 
protect from grain or dust but also to limit the upper plate’s 
lateral displacement. The cage can be put on the upper plate 
and the muscular activity is transmitted to the plate under 
the form of an oscillation. The detection of the oscillation is 
obtained by a component combining a light emitting diode 
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FIG. 1. Schematic illustration of the motility-recorder apparatus. 
Bottom: Overall view of the device. Top: bearings (b), steel-balls (s), 
mastic (m), upper plate (u), lower plate (1), flaps (f), sensor (p), 
chromed-tube (t), adjustable screws (a), hood (c), protecting-tube (t). 


and a phototransistor (Texas Instruments TIL 139: an 
equivalent of TIL 32 + TIL 78). A hole in the upper plate (6 
mm) allows to adjust the above-indicated component by 
means of a screwdriver. The emitter-sensor piece is con- 
nected on the lower plate by an adjustable screw and is 
mounted on the front of a chrome cylinder section (17 mm 
length, 10 mm dia.) perpendicularly fixed on the upper plate. 
This last cylinder operates as an amplifying mirror and in- 
duces voltage variations in the phototransistor when the 
animal moves the upper plate. A removable hood in front of 
the cylinder protects the sensor against room’s lighting. It 
consists of a P.V.C. piece (190x251 mm) placed on the 
lower plate in front of the sensor. The oscillation of the upper 
plate (loaded with 400 g) has a period of 0.33 second (0.12 
second with 2 elastic bands of 2 mm around the plates). The 
damping of the oscillation is 4.2 seconds (2.24 seconds with 
bands) at 37% of the amplitude of the sine wave (oscillo- 
scope) and 6.7 seconds (2.8 seconds with bands) before 
entire immobilization. 

This arrangement is effective and practical for several 
reasons. The oscillation amplitude can be adjusted by chang- 
ing the diameter of the steel-balls or of the bearings. Accu- 
racy and sensitivity are also adjustable as a function of dis- 
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tance, axial deviation and diameter of the reflecing cylinder. 
The apparatus can be instantaneously dismounted, due to 
the entire independence of both plates, thus facilitating ad- 
justment or control of bearings and balls. Finally, all compo- 
nents are standard and easily available. Moreover the device 
can be built to another scale for particular use. The principle 
is valid for mice or rabbits. The plates, bearings, steel-balls 
and chromed-tubes can be enlarged or reduced in size. 

An amplifier (Fig. 2) is connected to the output of the 
phototransistor. The signal coming from the phototransistor 
is buffered by an emitter-follower (BC107), differentiated 
and amplified by a variable gain amplifier (Al). A2 is a 
Schmitt-trigger. The NOR-gate and the Schmitt-trigger S1 
form a one-shot. Its use is dual: it allows very short pulses to 
be seen on the L.E.D. and it also eliminates too rapidly 
succeeding pulses, acting thus as a low-pass filter. The signal 
from the one-shot is differentiated to allow an inhibition of 
the output of a **1”’ at the inhibit input: This allows sampling 
during a short period of time. The outputs are complemen- 
tary and buffered to allow the use of T.T.L. compatible 
computer systems. The variable resistance (P) makes it 
possible to separate large from slight + large movements of 
the animal, without modification of the mechanical assem- 
bly. If necessary (e.g., when mechanical counters have an 
insufficient capacity), the amplifier can also be connected to 
an interface, triggering and dividing the signal before count- 
ing into the data acquisition unit. 

After obtaining the desired level of sensitivity (P), using a 
few representative animals (weight) and the same apparatus, 
the equalization of the thresholds of others apparatus can be 
accomplished with a simple motion generator (Synchronous 
Motor Crouzet, 1/sec, Voltage 12). The motor is placed on 
the upper plate and the vertical axis carries an adjustable 
unbalanced weight (Aluminum lever 10 mm dia., 15 mm, and 
a movable weight of 150 g). One plate being adjusted at the 
desired level, one only needs to equalize the other plates in 
order to get the same number of impulses during the same 
lapse of time (i.e., 10 sec) for all of them. 

Several devices can be mounted in the same way in a 
single room on stabilized racks, in order to obtain simulta- 
neous multiple recordings. The sensitivity of the system is 
steady over time. When the device is adjusted at high sen- 
sitivity, one can detect a slight head or ear movement of a 
still rat under acoustic stimulation (for instance, the startle 
response). 

The device obviously does not allow the analysis of spa- 
tial components of an animal’s movements since displace- 
ments of the upper plate are converted horizontally. Never- 
theless it is completely adequate when the research aim is to 
sample or integrate locomotor behaviors or muscular activi- 
ties in order to set up time sequences or to describe the time 
course of those variables. Each discrete element of a move- 
ment is translated in the form of a damped oscillation whose 
duration is proportional to the horizontal vector of the im- 
posed force. 

The apparatus has been used in different kinds of experi- 
ments. For example, to estimate the habituation’s rate of a 
startle response in rats. The summation of 15 responses to an 
auditory stimulation (during 0.8 second each) alternating 
with summation of 15 responses without stimulation gives a 
significant difference at the first presentation of the situation. 
After reiterated presentation of the situation (each hour or 
each day), the difference falls out and the habitutation’s base 
line is raised. A second example is the recording of motility 
during six consecutive hours (from 1000 to 1600). Rats are 
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FIG. 2. Amplifier. L.E.D. and Phototransistor (TIL 139), adjustable potentiometer (P), gain amplifier (Al), Schmitt-trigger (A2) and (S1), 


NOR-gate (N), L.E.D. output (led), NAND (S). 


























FIG. 3. Schematic illustration of the water consumption recorder. 
A. Front view. B. Top view. C. Fixation of bottle on the cage’s lid. 
Wire fixture (f), phototransistor TIL 78 (p), infra-red light emitting 
diode TIL 32 (e), beam-breaking-screw (i), beam-adjusting-screw 
(a), nylon-screw for glass-tube fixture(s). 


injected at 1100 with saline or Eserine (3 mg/kg) or not in- 
jected. The differential kinetics of locomotor activity can 
easily indicate the time-lapse of the treatment’s effect. A 
third example is the measurement of the differential motility 
in pre-isolated or socially reared rats after transportation in a 
novel environment. 


Water Consumption Recorder 


There are several techniques for measurement of water 
consumption [1,2]. The problem of licking behavior, which 
can be studied in itself, it not relevant here because our 
purpose is to analyse water consumption over time. We are 
then concerned with the relative quantity of ingested water 
(or other substance) during successive observation intervals. 
Moreover the apparatus must be as much as possible inde- 
pendent of the animal’s. general behavior and quickly reset- 
table. Finally, the system must not interfere with the proc- 
esses studied (i.e., circadian rhythm) because regular visits 
into the experimental room (i.e., for water refills) can disturb 
the time regulation of the animals. 

We have developed a method of measuring water con- 
sumption over time using a detection system similar to the 
one used for locomotor activity (Fig. 3). It detects the air- 
bubble passing through the glass-tube of the water bottle. 
Drinking activity decreases air-pressure inside the bottle. 
The pressure is periodically readjusted by the release of an 
air-bubble formed at the end-point of the glass-spout. The 
glass-tube goes clean through a P.V.C. piece (70x20x14 
mm) in which an infra-red light emitting diode (Texas In- 
struments TIL32) and a phototransistor (Texas Instruments 
TIL78) are placed facing each other across the perpendicular 
glass-tube. An adjustable screw can partially interrupt the 
light-beam in order to increase the reaction of the sensor 
when the air-bubble modifies the optical properties of the 
water filled tube. A second screw allows for manual inter- 
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ruption of the beam for any manipulation of the system dur- 
ing the experiment. (In this case delivery of output is zero). 
The same amplifier (Fig. 2) is used. At each filling of the 
bottles (i.e., every third day, randomly or systematically), it 
is easy to measure the effective consumption during the last 
interval. A simple calculation gives the mean volume of a 
bubble. This last value includes several licks since the pres- 
sure re-adjustment cannot occur at once. This kind of meas- 
urement is accurate enough for long-term studies since it 
gives an hourly mean value of 20-50 (ranging from 0 during 
sleep to 200 during activity). 

It is also necessary to ascertain before an experiment, and 
according to the kind of bottle and glass-tube used, whether 
the measured frequency is the same for the different levels of 
liquids, (capacity, glass or plastic, glass tube’s diameter, di- 
ameter of the end-point’s opening etc.). The system can give 
a nonmonotonic resistance to the licking according to the 
amount of air in the bottle. In our experiments, the tube was 
60 mm long and 10 mm in diameter, the top opening having a 
mean-value of 1.2 mm, the water level in the bottle ranged 
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from 20 to 80% of the total capacity (150 ml). Within these 
limits measurements remained reliable. 

Finally, and only in the case of long-term experiments as 
those on behavioral circadian rhythms, it is also necessary to 
fix carefully in advance the appointed time for filling the 
bottles (randomly or fixed noise effect). 

The apparatus was also used in other kinds of experi- 
ments. An example is the recording of liquid consumption in 
experiments on neophobia (taste aversion and kinetic of re- 
covery). Another is the recording of circadian water intake 
rhythm in postweaning isolated rats and socially reared rats 
after a shift (180°) of the LD cycle. 
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CARTER, C. S., D. M. WITT, B. KOLB AND I. Q. WHISHAW. Neonatal decortication and adult female sexual 
behavior. PHYSIOL. BEHAV. 29(4) 763-766, 1982.—Neonatal lesions of the cerebral cortex in female rats did not 
eliminate female sexual behavior as measured by lordosis. However, lordosis in response to prolonged low levels of 
estradiol benzoate (1.0 uwg/day for 6 days) was attenuated in lesioned females. Following estradiol benzoate plus 
progesterone (0.5 mg) treatment the probability of lordosis increased markedly in the decorticate females, but still remained 
below control levels. Decorticate females were mounted by the male at least as often as control females. Hopping and 
darting and rejection behaviors on the part of the female were virtually eliminated in the decorticate group. However, these 


females continued to direct sniffing behavior toward the male at levels above those of the controls. 


Neonatal decortication Female sexual behavior 


Estrogen 


Progesterone Rat 


IT has been known since the 1930’s that massive damage to 
the cerebral cortex does not eliminate female sexual recep- 
tivity, as measured by lordosis. In fact, Beach [1] observed 
in estrogen and progesterone treated rats that after adult 
decortication the lordosis posture in some female rats was 
enhanced or exaggerated. We have also observed prolonged 
lordosis responses (4-5 sec) following male dismount, in 
female rats after adult decortication (Kolb and Whishaw, 
unpublished observations). Beach [1] interpreted these 
changes in behavioral patterns in terms of a reduced neural 
inhibition or “‘disinhibition.’’ As noted by Clemens [4], other 
explanations for these effects of decortication, including the 
possibility of posttreatment changes in estrogen sensitivity, 
have not been thoroughly explored. 

One difficulty in studying totally decorticate rats is that 
they are difficult to maintain in healthy conditions for the 
first few weeks following surgery because of the severe be- 
havioral effects of the decortication. One solution to this 
problem is to decorticate rats in infancy as the animals ap- 
pear to suckle normally and develop into healthy adult rats 
[6]. Although the neonatal decortication provides a far health- 
ier subject to study, there is no evidence of a significant be- 
havioral difference between adult and neonatally decorti- 
cate rats when both are studied on a wide range of tests of 
species typical and cognitive behavior in adulthood [6]. 
However, there are at present no published studies of the 
effects of neonatal decortication on female reproductive be- 
haviors. 





The current study investigates the effects of neonatal le- 
sions of the cerebral cortex on sexual and social behaviors in 
female rats. To explore the possibility that estrogen sensitiv- 
ity might vary as a function of these lesions, adult behavior 
was recorded repeatedly during treatment with a prolonged 
(7 day) but relatively low (1 ug/day) dose of estradiol ben- 
zoate. These same females were also tested after exposure to 
a sequential estradiol benzoate and progesterone treatment. 
The latter protocol typically elicits maximal sexual receptiv- 
ity in normal female rats. 

In Experiment 1, females were tested in a relatively large 
arena (1 sq m) in which the female was allowed to interact 
freely with a sexually experienced male. In Experiment 2, 
the male was restrained and the female was permitted to 
choose to either spend time in a chamber containing the male 
or to be alone. 


METHOD 


Female rats of the Long-Evans strain were reared under 
standard laboratory procedures in a 12:12 light-dark cycle. 
Neonatal cerebral cortex lesions or sham operations con- 
ducted on day 4 postpartum, involved an aspiration proce- 
dure and cryogenic anesthesia (described in detail elsewhere 
[6]) in which all of the neocortex and cingulate cortex was 
removed. 


Experiment | 


At approximately 7 to 9 months of age decorticate (N= 10) 
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TABLE 1 
BEHAVIORAL DEFINITIONS 





A concave arching of the back in which 
the female extends her hind legs and 
elevates the genitalia. 

An immobile female posture, with back 
flat and occurring in response to 
male contact. 

Female moves abruptly then halts. 

Female pushes male away, typically by 
extenson of hind leg. 

Female calling or squealing. 

Female self licking. 

Female investigates male, frequently 
with naso-nasal or naso-genital contact. 

Male places forelegs on female’s hind 
quarters, oriented in a direction that would 
permit copulation. 


Lordosis 
Holding 
Hop/Dart 
Kick-back 
Vocalization 
Grooming 
Sniffing 


Mount 





and sham-operated control (N=11) females were ovariec- 
tomized under sodium pentobarbital anesthesia (60 mg/kg) 
and allowed to recover for 2 to 3 weeks. At this time each 
female was pretested and then received daily injections of 
estradiol benzoate (EB, 1.0 wg/day) for 7 consecutive days. 
Each female was tested on day | (24 hrs after the first injec- 
tion), day 2, day 4 and day 6 of EB and on day 7 of EB 
received progesterone (0.5 mg) and was again tested 4-6 hrs 
following progesterone treatment (for a total of 6 tests). All 
hormones were suspended in sesame oil and injected sub- 
cutaneously in a volume of 0.1 ml. 

Behavioral tests were conducted by placing the female in 
a 1 m square wire cage. Each female was allowed to adapt for 
about 5 min, a male was then introduced and the behaviors 
described in Table | were recorded for 10 min using a 
keyboard and Esterline Angus event recorder. Males were 
screened just prior to use by allowing them one intromission 
with a receptive stimulus female. If at least 5 mounts were 
not recorded during this 10 min test, then a second and if 
necessary a third 10 min test was given to each female on 
each of the test days. 

For statistical purposes the first 10 min test was analyzed 
for each of the 6 test sessions. Most animals responded on 
the first test or not at all, so subsequent tests were not 
analyzed. Analysis of variance was applied to each of the 
behavioral measures using a group (decorticate or control) 
by test (day 0, 1, 2, 4, 6 and 7) repeated measures design. 


Experiment 2 


Approximately 3 weeks after the last session in Experi- 
ment | each female was tested again before receiving three 
daily injections of EB (1 ywg/day) followed by progesterone 
(0.5 mg). On the third day, 4-6 hours after progesterone 
injection each female was retested. 

For testing, each female was placed in a 77x40 cm solid 
walled box divided along its width into two approximately 
square chambers. The solid barrier between these chambers 
contained a small opening through which the (smaller) 
female, but not the male, could easily pass. Each female was 
initially placed either in the side containing a sexually vigor- 
ous male or on the other (empty) side. After a 6 min test the 
female was removed for approximately 2 min and then rein- 
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FIG. 1. Photograph of a representative neonatally decorticate rat. 


troduced for a second 6 min test, which began on the oppo- 
site side of the chamber. The order of these two tests was 
counterbalanced and equalized within the groups. 

This test procedure offered a possibility for observing the 
relative willingness of females to spend time in the chamber 
with the male (which could be termed a measure of 
‘*proceptivity’’ [3]). In addition, a rough index of female 
activity could be determined by counting the frequency of 
chamber crossings. 

At the completion of behavioral testing the rats were 
deeply anesthetized and intracardially perfused with a solu- 
tion of 0.9% NaCl and 10% Formalin. The brains were re- 
moved, weighed, photographed, embedded in celloidin, and 
cut at 26 wm sections, which were mounted on glass slides 
and stained with cresyl violet. 


RESULTS 
Anatomical Results 


The decortications were complete as they included virtu- 
ally all of the neocortex as well as the cingulate cortex and 
variable amounts of the pyriform cortex below the rhinal 
fissure (Fig. 1). Analysis of brain weights showed the decor- 
tications reduced the total brain weight to 60% of control 
level as the mean weight of control and decorticate brains 
was 2.085 and 1.244 g, respectively (Mann Whitney U=0, 
p<0.001). The hippocampus sustained slight damage in 
many cases, but it was usually unilateral and restricted to the 
outer layers of CA1. The olfactory bulbs and other subcorti- 
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TABLE 2 


BEHAVIORAL RESPONSES IN NEONATALLY DECORTICATED OR CONTROL FEMALE RATS AS A FUNCTION OF ADULT ESTRADIOL 
BENZOATE (EB, 1.0 »g/day) AND PROGESTERONE (P, 0.5 mg on day 7 of EB) TREATMENTS 





Decorticates (N=10) 
EB1 


Group 


Behavior* Test Pretest 


EB2 EB4 EB6 EB7+P 


ANOVA 


Controls (N=11) Interaction 


Pretest EBI EB2 EB4 EB6 EB7+P F ratio, pt 





0.2 0.4 
511 
1.5 

0 
0.1 

0 
17 
233 
7.3 
1.4 


1.6 
466 
2.4 


Lordosis (f) 
Lordosis Lat. (d) 
Holding (f) 
Hop/Dart (f) 
Kick back (f) 
Vocalization (f) 
Grooming (d) 
Sniffing (d) 
Mount¢ (f) 
Number of 10-min 
tests§ 


1.0 


8.8 


181 


roe 


0 


2.6 
394 
0.5 
0.5 
3.6 
0.5 

14 
162 
8.0 
1.3 


2.3 
316 
0.3 
0.4 
1.8 
0.2 

24 
180 
6.8 
1.0 


5.0 
175 
0.2 
1.6 
0.8 
1.0 
28 
158 
6.7 
1.1 


, p<0.005 

, p<0.01 
p=0.06 ns 
p<0.05 

, p<0.005 
p=0.26 ns 
p<0.02 
p<0.005 

, p=0.06 ns 
p=0.63 ns 


30 
166 
7.4 
1.1 
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*Behaviors are reported for the first 10 min test as either mean frequency (f) or duration in sec (d). 
tF ratios and p values for group by test interactions (df=5/95). ns=nonsignificant. 


¢Mounting behavior is the only male response reported. 
§Maximum of 3 tests. See Method section. 


cal structures were not subject to direct damage in any cases, 
but there were severe retrograde changes in the basal ganglia 
and thalamus as described in detail elsewhere [6]. In com- 
parison to the original work of Beach [1], the lesions in this 
study were larger and more complete, involving the cingulate 
cortex as well. 


Behavioral Results 


Lordosis quotients (LQ, Fig. 2, Top) and lordosis fre- 
quencies (Table 2) were lower than those recorded in control 
females from the second to sixth day of EB. Both groups 
responded to progesterone (P) treatment with increases in 
the LQ. The increase from the last EB-only test (Day 6) to 
the EB and P test (day 7) was particularly apparent in the 
decorticates, because 6 of the 10 decorticates showed their 
first lordosis response after EB plus P. In the first 10-min test 
after P, 7 of the 11 controls showed LQs of 100, while only 1 
of the 10 decorticates had an LQ of 100. Failures to make 
postural adjustments appeared to account in part for the 
lower LQs of the decorticates. Holding still, in response to 
male attention but in the absence of a concave arching of the 
back, was more frequent in the decorticates than in control 
females (main effect for groups, F(1,19)=4.9, p<0.05, and 
increased across successive tests, F(5,95)=5.5, p<0.001. 

Rejection behavior as indexed by kicking back. When 
normal females are unreceptive or partially receptive they 
may rebuff the male’s advances by kicking at him [3]. As 
shown in the present experiment, kicking for control females 
was most common after females had been exposed to EB for 
only a few days, and almost disappeared when sexual recep- 
tivity was high (EB days 6 and 7, Fig. 2, Bottom; Table 2). 
Decorticates were much less likely to show this behavior. 
Both the frequency of kicking and the percentage of the 
females showing this response at least once during the tests 
(Fig. 2, Bottom) was generally lower in the decorticates than 
in control females. 

Other sexual and social behaviors. Hopping and darting, 
sometimes termed ‘‘proceptive’’ behaviors in the rat [3] 


were not observed in the decorticate females (Table 2). In 
the control females, this behavior increased in frequency with 
prolonged exposure to EB. 

The decorticate females were at least as interested or 
more interested than controls in investigating the male; re- 
flected by the time spent sniffing him (Table 2). Decorticates 
and controls also engaged in approximately the same amount 
of autogrooming, although the pattern of appearance of this 
behavior differed in the two groups. Normal females tend to 
self groom following copulation and this postcoital response 
was less apparent in the decorticates. 


Experiment 2. Proceptivity as Measured by Willingness of 
the Female to Spend Time in Proximity to a Male 


Both decorticate (100%) and control (86%) females tended 
to stay in a chamber with the male, rather than crossing a 
barrier to leave when they were originally placed with the 
male. This behavior was observed both before and after EB 
and P treatment. When females were placed in a chamber 
across a barrier from a male about one-half entered the 
male’s chamber. The proportion crossing the barrier did not 
differ significantly between decorticates and controls and 
was not influenced by hormone treatment. 

Beach [1] reported hyperactivity in some adult decorti- 
cates and felt that this probably interfered with normal 
copulatory patterns in his animals. Based on the frequency 
of barrier crossing and our other observations of these 
animals we have no indications that the present results were 
due to excessive activity on the part of our neonatally decor- 
ticated females. 


DISCUSSION 


It has been previously reported that the probability of 
female sexual behavior increases following acute adult sup- 
pression of cortical function [5]. Whether this represents a 
phenomenon related to neural *‘disinhibition’’ [2] or is due to 
secondary or stress-related hormonal changes, such as 
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progesterone release consequent from the procedure [8], re- 
mains open to question [4]. 

No enhancement of female sexual activity following 
neonatal cerebral cortex removal was observed in the pres- 
ent study, and in fact LQs were reduced, particularly in 
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females exposed to EB injections without the addition of 
exogenous P. This could represent a decline in the capacity 
to respond to estrogen [4]. The reliability of the group differ- 
ences in LQ observed across several tests (Fig. 2, top) may 
support this interpretation. Alternatively the controls may 
have been more environmentally sensitive and thus 
produced more adrenal progesterone than the decorticates in 
response to the stress of our injection and test procedures 
[8]. It is also possible that the observed behavioral changes 
reflect effects on neurotransmitter systems or more generally 
might indicate some degree of motoric debilitation. 

Although the decorticates were capable of showing LQs 
approaching those of controls after EB plus P treatments, 
they did not always show the well-timed lordosis posture 
characteristic of a normal female rat. In addition, hopping 
and darting were eliminated in the decorticates. These 
differences from normal animals tend to agree with the ear- 
lier observations of adult decorticates by Beach [1]. 

Beach [1] also reported that adult decorticates show 
exaggerated lordosis responses that were elicited by previ- 
ously ineffective stimuli and which were held beyond the 
expected duration. After the described experiments were 
complete we attempted in several animals to elicit lordosis 
responses in EB plus P treated females by flank palpitation 
and vaginal probing (using a soft-tipped plunger from a | ml 
syringe), but were unsuccessful at producing a lordosis 
posture in either controls or decorticates using these proce- 
dures. The only measurable indications we have of increased 
responding on the part of our neonatally decorticate females 
comes from their willingness to hold a flat-backed immobile 
posture in response to male investigation and mount at- 
tempts. However, the sexual nature of this behavior is ques- 
tionable. It is possible that the decorticates simply have at- 
tenuated sensory-motor feedback which reduces their 
awareness of or ability to respond to both appropriate and 
inappropriate male advances. 

Investigations of the neural control of female sexual be- 
havior have tended to emphasize the importance of subcorti- 
cal structures [7]. The present findings and the earlier work 
by Beach [1] suggest that a number of components of female 
behavior, including those necessary for the expression and 
fine-tuning of lordosis, may be regulated by the integrity of 
the cerebral cortex. There are clear indications that neonat- 
ally decorticated females are less likely to respond with lor- 
dosis to estrogen-alone treatments. This could suggest a role 
for the cortex in estrogen sensitivity and/or adrenal produc- 
tion of progesterone (which in turn may facilitate lordosis). 
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SMOTHERMAN, W. P. Odor aversion learning by the rat fetus. PHYSIOL. BEHAV. 295) 769-771, 1982.—Rat fetuses 
were exposed to an odor stimulus on day 20 of gestation via amniotic injection and then injected with LiCl. In a CER 
paradigm, 10 day old pups were trained to approach an anesthetized dam in a runway for suckling reinforcement. When 
running speeds had stabilized the odor stimulus experienced in-utero was introduced into the test chamber. This odor took 
on aversive properties as a function of its pairing with LiCl, as evidenced by a decrease in running speed on CER trials and 
increases in the number of trials that were terminated because pups failed to traverse the runway. These data indicate that 


the fetal rat is capable of odor aversion learning. 
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NEWBORN rat pups have surprisingly well developed as- 
sociative skills. Within the first days after birth they are 
capable of appetitive [9] and aversive [8,10] learning. Re- 
cently, it has been shown that these associative abilities have 
their origin prenatally. Stickrod, Kimble and Smotherman 
[12] have reported that rat fetuses will form a taste-odor 
aversion when an exposure to apple juice in-utero is followed 
by an injection of lithium chloride (LiCl). This experience 
in-utero with the compound tase-odor stimulus (apple juice) 
was found to affect the pups’ postnatal nipple preferences. 

The postnatal testing procedures used by Stickrod er al. 
[12] involve two stages: (1) 15—16 day old pups are trained to 
traverse a runway by reinforcing their approach responses 
with 15 sec of suckling on an anesthetized dam [1], and their 
nipple preferences are noted; (2) the preferred nipples are 
painted with the taste-odor stimulus that the pups experi- 
enced in-utero and further approach trials (test trials) are 
conducted with the pattern of nipple choice again being 
noted. The shift in nipple preference is therefore used as the 
measure of prenatal learning. While this procedure demon- 
strates a learned aversion, it fails to differentiate whether 
pups form an aversion to the taste or the odor component of 
the compound taste-odor stimulus (apple juice). Observations 
of the behavior of pups during test trials exemplify this prob- 
lem. In some trials a pup would approach a nipple painted 
with apple juice, mouth it briefly, then switch to a non- 
painted nipple. In other trials a pup would initially approach 
a painted nipple, but would move to a non-painted nipple 
without making contact with the nipple painted with apple 
juice. 

The following experiment was conducted in order to de- 
termine if the odor component of a compound taste-odor 
stimulus, experienced in-utero, would affect behavior after 
birth (i.e., would pups form an odor aversion in-utero?). A 
conditioned emotional response (CER) paradigm was used 
for this purpose. In the first phase, 20 day old rat fetuses 
were presented with an apple juice stimulus via injection into 
the amniotic fluid [11]. This prenatal exposure was followed 
by an injection of LiCl. The second phase of the CER proce- 


dure took place 10 days after birth. At this time pups were 
removed from the dam (deprivation) and trained to approach 
an anesthetized dam for 15 sec of suckling reward. When the 
speed of operant approach responding had stabilized CER 
trials began. In this third phase of the experiment the apple 
juice odor experienced by the pups in-utero was introduced 
into the test chamber. Decreases in the speed of approach to 
the dam indicated that a conditioned aversion to the odor 
experienced in-utero had been formed. 


METHOD 
Subje ‘TS 


Forty-eight albino rat pups from Sprague Dawley females 
(Simonsen Laboratories, Gilroy, CA) were used in this ex- 
periment. All pups were from litters culled to eight pups on 
the day of birth (Day 0). Females nursing litters were housed 
in a temperature and humidity controlled colony room on a 
12 hr on/12 hr off light-dark cycle with lights on at 0800. Food 
and water were continuously available. 


Surgery 


Treatment of the fetuses occurred on Day 20 of gestation. 
The pregnant female was anesthetized with ketamine (100 
mg/kg) and xylazine (10 mg/kg). In addition, 70% N,O was 
administered via nose cone as needed to maintain surgical 
anesthesia. The ventrum was shaved and painted with 
tincture of iodine. Both horns of the uterus were expressed 
through a midline laparotomy and draped with moist sterile 
gauze. A 30 ga hypodermic needle was inserted through the 
uterine wall and 0.04 ml of either apple juice (Tree-Sweet 
brand) or 0.09% saline was injected into the amniotic sac 
adjacent to the nose-mouth area of each fetus. Following the 
last amniotic injection, each fetus was injected intraperito- 
neally (IP) with 0.02 ml of a 0.15 M solution of lithium 
chloride or 0.09% saline. All injections were done under vis- 
ual-guidance. Approximately five minutes elapsed between 
the amniotic and IP injections. After the last IP injection, the 
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uterus was replaced in the peritoneum and the incision was 
sutured. Details of this surgical procedure have been pub- 
lished elsewhere [12]. 

Four different Treatment Groups were formed (n=4 lit- 
ters/group): the AL group received apple juice into the am- 
niotic fluid followed by LiCl IP; the SL group received 0.09% 
saline into the amniotic fluid followed by LiCl IP; the AS 
group received apple juice into the amniotic fluid followed by 
0.09% saline; and the SS group received 0.09% saline into the 
amniotic fluid followed by 0.09% saline IP. 

Cesarean section and fostering of pups took place on Day 
22 of gestation. Pregnant females were sacrificed by cervical 
fracture and the litter removed from the uterus. Fetuses were 
kept warm (from below with a light source) and moist (by 
placement on a paper towel soaked in physiological saline). 
Fostering was initiated within 15 min after cervical fracture 
of the pregnant female. Foster mothers had delivered a litter 
normally and nursed them for no longer than 36 hr before 
fostering procedures began. Sixty min before fostering the 
foster mother’s own litter was removed. Pups to be fostered 
were placed in the cage in pairs until the entire litter was 
transferred. After fostering, mothers and pups remained un- 
disturbed until testing. These procedures are similar to those 
reported by Grota [6,7] and resulted in nearly total accep- 
tance of foster pups. 


Apparatus 


During deprivation litters of pups were grouped together 
in a plastic box 15.0*25.06.5 cm with alder chip bedding. 
Runway training was conducted in a straight alley 
20.5x4.5x5.0 cm. A 9.2 14.8x5.0 cm goal box was at- 
tached at the end of the alley. The entire apparatus was 
constructed of clear Plexiglas and was enclosed during trials 
in a Plexiglas chamber measuring 28.6X33.7x 16.5 cm. The 
deprivation box, runway, and goal box were all temperature 
controlled at 35° C by a commercial heating pad placed be- 
neath the floor. 


Behavioral Observations 


The postnatal training and testing procedures were similar 
to that described by Amsel, Burdette and Letz [1] and in- 
volved deprivation, acquisition and conditioned emotional 
response (CER) phases. On the evening of Day 10 (1600) 
litters were removed from the nest and placed together in the 
deprivation box. Litters were removed at intervals of 4 hr 
(the length of time to test 4 pups from one litter), thereby 
fixing the length of deprivation before testing in the range of 
12-16 hr. 

Acquisition trials started on the morning (0800) of Day 11. 
Prior to testing a pup from the first litter the foster mother 
was injected IP with the ketamine-xylazine anesthetic. Sup- 
plemental injections were given as needed to maintain 
anesthesia. Before the initial acquisition trial the first pup to 
be tested was placed in the goal box with its mother and 
allowed to attach to a nipple for 30 sec. All acquisition trials 
were initiated by placement of the pup at the far end of the 
alley opposite to and facing its mother. Running time started 
with this placement and ended when the pup made contact 
with a nipple. Pups were allowed to attach to a nipple for 15 
sec after which time they were removed from the nipple by 
hand and placed for an intertrial period of 10 sec in a 100 ml 
beaker with alder chip bedding (holding compartment). 
These procedures were repeated until 20 acquisition trials 
were completed. On early trials pups not traversing the alley 
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were placed at the entrance to the goal box until they at- 
tached to a nipple. 

During CER trials the odor of apple juice was introduced 
at the goal box end of the apparatus by opening a vial con- 
taining 25 ml of the fluid. Pups were tested as described for 
the acquisition trials. Pups not attaching to a nipple in 100 
sec were removed by hand from the apparatus to the holding 
compartment. Four CER trials were completed. During ac- 
quisition and CER trials running times were measured with a 
stopwatch. All testing was conducted by an assistant who 
was without knowledge of the in-utero treatment the pups 
had received. 


Data Analysis 


Between-treatment F values were calculated using the 
variance of litters-within-groups as the error term, in this 
way avoiding the confounding of litter and treatment effects. 
F values representing litter effects were calculated by taking 
the ratio of the variance of litters-within-groups over the 
variance of subjects-within-litters ({5] p.187). 


RESULTS 


Running times for the four Treatment Groups during ac- 
quisition were blocked (into 4 Trial Blocks) and compared in 
a repeated measures ANOVA. As Fig. | indicates, running 
times decreased across Trial Blocks, F(4,32)=24.8, p<0.001. 
The effect of in-utero Treatment Groups was not significant 
F(3,8)=1.02, p>0.25, and neither was there an effect of 
Litters-Within-Treatments, F(8,32)=2.03, p>0.10. 

Running times for the four Treatment Groups during CER 
trials were blocked (into a single 4 trial block) and compared 
in an ANOVA. The significant effect of in-utero Treatment 
Groups, F(3,8)=12.17, p<0.01 can be seen in Fig. 2. Subse- 
quent post-hoc comparisons by the method of Tukey (HSD 
test) showed that AL group had significantly longer running 
time compared to the AS (p<0.05), SL and SS (p’s<0.01) 
control groups. Exposure to the odor of apple juice in the 
testing chamber during CER trials resulted in a significant 
increase in running time by the pups in the AL experimental 
group. A number of trials were terminated during the CER 
phase of testing when pups failed to make contact with a 
nipple in 100 sec. Trial termination was most frequent in the 
AL group, occurring in 28 trials as compared to the SS (2 
trials), SL (5 trials) and AS (6 trials) groups where termina- 
tion of a trial was necessary on fewer occasions x*(3)=53.19, 
p<0.01. 


DISCUSSION 


The runway performance of rat pups was disrupted when 
they were exposed to the apple odor during CER trials. Pups 
in the AL Treatment Group, which had been conditioned on 
Day 20 of gestation to avoid the apple odor, showed much 
longer running times and many more interrupted trials. This 
result demonstrated that the olfactory component of a com- 
pound taste-odor stimulus (apple juice) is sufficient to 
mediate an in-utero conditioned aversion like that reported 
by Stickrod et al. [12]. Whether a taste aversion in the ab- 
sence of an odor cue could be conditioned remains to be 
determined. 

Experiences with amniotic fluid late in gestation play a 
role in the regulation of certain postnatal behaviors. Blass 
and Teicher [3] have shown that initial nipple attachment in 
the rat is normally directed by amniotic fluid placed around 
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FIG. 1. Mean running times (+S.E.M.) during acquisition trials. 
Each block comprised 4 trials. 


the nipples by the mother. Lavage of the nipples eliminates 
attachment by pups whereas application of amniotic fluid 
after lavage reinstates attachment [13]. Blass and Pedersen 
[2] reported that in-utero exposure to a novel odor confers 
upon that odor the power to direct postnatal nipple attach- 
ment. Rat fetuses were exposed to an odor stimulus—citral 
(a tasteless fluid of lemon scent}—on the 20th day of gesta- 
tion via injection into the amniotic fluid. Pups were then 
tested for their attachment to the nipples of an anesthetized 
dam [4]. Most pups attached to nipples normally, but pups 
that were exposed to citral both in-utero and during a period 
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FIG. 2. Mean running times during CER trials. Bars represent 
means (+S.E.M.). 


of postnatal stimulation failed to attach to unwashed nipples. 
Further, only these pups attached to washed nipples in the 
presence of the citral odor stimulus. Blass and Pedersen [2] 
hypothesized that the control of the rat’s initial suckling re- 
sponse is olfactory; olfactory receptors are established late 
in gestation and validated during the initial period of post- 
natal maternal stimulation. These data compliment those of 
the present study showing that modification of the in-utero 
olfactory environment is capable of conferring upon a novel 
odor the power to direct postnatal behavior such as runway 
traversal and nipple attachment. 
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WITHYACHUMNARNKUL, B. AND E. S. EDMONDS. Plasma testosterone levels and sexual performance of young 
obese male Zucker rats. PHYSIOL. BEHAV. 29(5) 773-777, 1982.—The sexual behavior of obese male Zucker rats was 
studied at the age of 7, 8, 9, 10, 11, 14, and 16 weeks. Between 12-14 weeks of age, obese rats were treated with 400 ug 
testosterone propionate daily. Plasma testosterone levels were determined at the age of 10, 14, 16, and 20 weeks. Compared 
to lean rats, the sexual performance of the obese rats was abnormal at all ages. Plasma testosterone levels of obese rats 
were significantly lower at the age of 20 weeks but not at the age of 10 and 16 weeks, compared to those of their lean 
littermates. At the age of 14 weeks, after 2 weeks of testosterone treatment, plasma testosterone concentration rose to 
levels significantly higher than those of their lean littermates. However, there was no improvement in their sexual behavior 
following this period of hormone treatment. This study strongly suggests that obese male Zucker rats have abnormal 
reproductive function at all ages and that testosterone deficiency is not a primary cause of this abnormality. 


Plasma testosterone level Sexual performance 


Male Zucker rat 


THE reduced reproductive capacity of genetically obese 
male Zucker rats is well documented [1, 5, 12]. While the 
underlying cause remains unknown, recent studies [1,9] 
suggest that sperm production and motility are normal. Be- 
havior however, may not be. Hemmes and Vaid [4] reported 
a decreased response of obese males to sex attractant 
pheromone in female urine. Edmonds and Withyachum- 
narnkul [3] compared the sexual behavior of obese males and 
their lean littermates at the age of 4, 6, and 10 months and 
found that the obese males’ sexual behavior was inadequate 
at all ages observed. In association with the abnormal sexual 
behavior, plasma testosterone levels of the 7 month old 
obese males were significantly lower than those of their lean 
littermates [11]. Therefore, it is possible that testosterone 
deficiency is an important factor leading to their reduced 
reproductive function. However, Hemmes, Hubsch, and 
Pack [5] reported that chronic administration of a large non- 
physiological dose of testosterone could improve but not re- 
store the number of litters produced by young (3-4 months 
old) obese males. Thus, it is also possible that factors other 
than testosterone deficiency are the cause of the reduced 
fertility. Plasma testosterone levels were assayed to deter- 
mine whether there is a correlation with sexual performance. 
Testosterone was also administered in an attempt to improve 
the sexual behavior of the obese males. The sexual perform- 
ance of obese males was also studied longitudinally begin- 





ning at a young age to determine whether they have normal 
or close-to-normal sexual behavior before they accumulate 
large deposits of fat. 


METHOD 
Animals 


Male obese-lean littermate pairs of Zucker rats were 
produced in our colony from heterozygous breeders. The 
animals were housed individually from the age of 6 weeks, at 
which time the obese males weighed 171+11 (SEM) g and 
the lean males weighed 112+7 (SEM) g (p<0.01). They were 
maintained on a 10:14 hr light dark cycle with lights on be- 
tween 600-1600 hr. They received Wayne lab blox and tap 
water ad lib. Food intake and body weight were monitored 
weekly throughout the study. Room temperature was main- 
tained at approximately 20-22°C. 

The animals were tested for their sexual performance at 
age 7, 8, 9, 10, 11, 14, and 16 weeks. Between the age of 
12-14 weeks, the obese males received a daily dose of 400 yg 
testosterone propionate in sesame oil subcutaneously, be- 
tween 800-900 hr. At the age of 10, 14, 16, and 20 weeks, the 
animals were bled for testosterone determinations. 


Mating Test 
The tests took place 4 hr after the onset of darkness. All 
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FIG. 1. Age and body weight (Mean+SEM) of obese and lean 
Zucker rats. 


tests were carried out in a room dimly lit with red lights. 
Individual males were placed in a transparent 79x 18 in. 
plastic cage. Following a habituation period of approx- 
imately 10 min, a receptive lean female was introduced into 


the cage. Ovariectomized females were brought into behav- 
ioral estrus with injections of 50 wg estradiol benzoate (EB) 
and 0.5 mg progesterone, 48 and 6 hr prior to testing, respec- 
tively. Following the introduction of the female, the occur- 
rence of intromission and ejaculatory behavior patterns were 
recorded. The following standard measures were obtained: 
intromission latency (the latency to the Ist intromission after 
the introduction of the female), intromission frequency (the 
number of intromission preceding ejaculation), ejaculation 
latency (the latency from the Ist intromission to ejaculation) 
post-ejaculation period (the refractory period or the interval 
between the ejaculation and the next intromission). 

Testing was terminated following the Ist intromission 
after the Ist ejaculation, or if the intromission latency or the 
post-ejaculation period exceeded 15 min, or if the ejaculation 
latency exceeded 30 min. Ejaculation was confirmed by the 
presence of sperm in the vaginal smear. 


Testosterone Determination 


The rats were lightly anaesthetized with ether and blood 
samples collected from the retro-orbital venous plexuses. 
The plasma was separated and stored at —20°C until analysis 
by radioimmunoassay (RIA) of testosterone concentrations. 
To minimize errors from diurnal variations of the plasma 
hormonal levels, the blood was sampled only between 900- 
1000 hr. The samples from obese males at 14 weeks were 
collected approximately 24 hr after the last testosterone in- 
jection. The assay was carried out by using a testosterone 
RIA kit purchased from the New England Nuclear Corpora- 
tion. Briefly, 50 ul of unknown rat plasma or plasma contain- 
ing standard testosterone was diluted to 200 ul with 0.01 M 
phosphate saline buffer, pH 7.0; 100 ul of *H-testosterone 
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TABLE 1 


AGE AND NUMBER OF RATS CAPABLE OF INTROMISSION AND 
EJACULATION, COMPARED TO THE TOTAL NUMBER 
OF RATS TESTED 





No. of 
Ejaculating Rats/ 
Total no. of 
Rats Tested 


No. of 
Intromitting Rats/ 
Total no. of 
Rats Tested 
Age 
(weeks) Lean 


Obese Lean Obese Pp 





7 4/9 1/9 oS. 2/9 0/9 N.S. 
8 9/11 4/11 <0.05 8/11 1/11 <0.01 
9 9/11 4/11 .0S 9/11 2/11 <0.01 
10 9/11 5/11 .S. 8/11 3/11 <0.05 
11 9/11 5/11 .S. 8/11 2/11 <0.01 
14* 10/11 5/11 <0.05 1/11 <0.01 
16 9/10 3/10 <0. 3/11 <0.05 





p, Fisher’s Exact Probability Test. 
N.S.=Not significant. 
*After 2 weeks of testosterone treatment to the obese rats. 


(5,000 dpm) and 100 yl of diluted testosterone antibody were 
added; the mixture was incubated at 4°C for 72 hr; afterward, 
the bound and free ligands were separated by dextran-coated 
charcoal technique. This direct method had been assessed 
for its specificity, sensitivity, precision, and accuracy; and 
proved to be reliable [11]. The sensitivity of the assay was 30 
pg/tube. At the levels of 1.12 and 2.25 ng/ml, the intrassay 
coefficients of variations were 10.4% and 8.6% respectively. 

Data were analyzed by the Fisher’s Exact Probability 
Test and the Student’s f-test. 


RESULTS 


Growth curves of the lean and obese animals, as shown in 
Fig. 1, are typical for Zucker rats [12]. The obese males 
weighed significantly more than their lean littermates as 
early as 6 weeks of age, at which time the obese rat con- 
sumed 38.2+2.7 (SEM) g whereas the lean rat consumed 
27.2+2.1 (SEM) g of food daily. The differences in body 
weight and food consumption are statistically significant 
(p<0.01) at all ages observed. Testosterone treatment at 
12-14 weeks of age did not substantially change the course of 
the growth rate of the obese rats. 

Sexual behavior of the obese rats was different from that 
of the lean rats. All obese males showed sexual interest in 
the females by sniffing and licking the anogenital region and 
mounting. The animals did not show any signs of ‘‘nervous- 
ness’ or ‘“‘fear’’ after the introduction of the female. All 
obese males mounted but many of them failed to intromit. At 
most ages, the number of obese rats which intromitted was 
lower than that of lean rats and, also, fewer obese males 
ejaculated (Table 1). At the age of 8 weeks, most of the lean 
rats were capable of intromission (9/11) and ejaculation 
(8/11), indicating that they were sexually mature by this age. 
The lean rats that failed to ejaculate at the age of 8 weeks, did 
so during the later sessions; one lean consistently failed to 
ejaculate up to the age of 16 weeks. This animal might belong 
to a ‘‘non-copulatory”’ group as described by Wharlen, Beach, 
and Kuehn [10]. The maximum number of obese rats in- 
tromitting was 5 and the maximum number of obese rats 
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TABLE 3 


PLASMA TESTOSTERONE LEVELS (ng/ml) OF LEAN 
AND OBESE MALE RATS 





Age 


(weeks) Lean Obese Pp 





10 3.74 + 0.63 (11) + 0.79 (10) N.S. 
14 + 0.28 (10) + 0.86 (9)* <0.01 
16 .92 + 0.43 (9) + 0.56 (10) N.S. 
20 .54 + 0.37 (10) .57 + 0.36 (10) <0.05 





p, Student’s f-test. 
N.S.=Not significant. 
*After 2 weeks of testosterone treatment. 


ejaculating was 3. Furthermore the same obese males in- 
tromitted and ejaculated during each test; six of the obese 
rats never intromitted, and eight never ejaculated. 

The intromission latency, intromission frequency, ejacu- 
lation latency, and post-ejaculation period of the lean and 
obese that could intromit and ejaculate were compared (Ta- 
ble 2). In almost all sessions, the obese rats had a longer 
intromission latency, comparable intromission frequency, 
longer ejaculation latency, and longer post-ejaculation 
period. The difference between some paired values of these 
parameters is statistically significant; however, in others, the 
number of the obese is too small for statistical analysis. 
These patterns are similar to those previously described [3]. 
Two weeks of testosterone treatment did not dramatically 
change the obese rats’ performance, as shown by comparing 
their 14 week session to their 11 and 16 week sessions. 

Plasma testosterone levels in the obese rats were not sig- 
nificantly lower at 10 and 16 weeks (Table 3). As expected, 
the hormone concentration of the obese rats at 14 weeks, 
after 2 weeks of testosterone treatment, was significantly 
higher than that of lean rats. At 10 weeks, there was a wide 
variation in the hormone levels in the obese rats but there 
seemed to be no correlation between their sexual perform- 
ance and individual plasma testosterone levels. Of the five 
obese rats that intromitted, two had testosterone levels be- 
low, and three above the average; and two of the ejaculators 
had lower-than-average concentrations. At the age of 20 
weeks, testosterone level of the obese was significantly 
lower than that of the lean. There is no statistically signifi- 
cant difference among testosterone values of the obese at the 
age of 10, 16, and 20 weeks. 


DISCUSSION 


The sexual behavior of the obese rat was abnormal at 
8-16 weeks of age, compared to their lean littermates. Ab- 
normal sexual behavior was also reported previously at the 
age of 4, 6, and 10 months of age [3]. These findings indicate 
that the obese male rat never has complete sexual compe- 
tence at any age. There are at least five possible explanations 
for the persistent abnormality of sexual behavior in the obese 
rats. 

(1) Obesity might be a physical barrier to the sexual per- 
formance. This is considered unlikely because, even at the 


WITHYACHUMNARNKUL AND EDMONDS 


age of 8-16 weeks, when the animals have not yet accumu- 
lated much fat, sexual behavior is abnormal. In addition, 
from the age of 8 to 16 weeks, the obese male’s body weight 
increased from an average of 260+11 g to 462+14 g without 
any significant change in their sexual performance. 

(2) The obese rats might not fully adapt to the test situa- 
tion. Arguing against this interpretation is the fact that even 
during the first test sessions, the animals were sexually 
active and did not exhibit signs of ‘‘nervousness”’ or ‘‘fear”’ 
which frequently characterize the behavior of males that fail 
to mate in early tests but later succeed in doing so. 

(3) The obese males might be deficient in testosterone 
secretion. The finding that plasma testosterone levels are 
normal at the age of 10 and 16 weeks argues against this 
explanation. However, there is a tendency for plasma testos- 
terone levels to be lower in the obese rat at the age of 10, 16, 
and 20 weeks, and the difference becomes statistically signif- 
icant at the age of 20 weeks, and also 7 months [3]. Either the 
decreased synthesis or increased break down of testosterone 
or both could contribute to these findings. Since testosterone 
can be aromatized to inactive products in human adipose 
tissue [8], it is possible that rat adipose tissue could also 
inactivate testosterone. When the obese rat accumulates 
more fat as it ages, the rate of testosterone degradation might 
be increased and this might lower the plasma level. Variation 
in the plasma testosterone levels at the age of 10 weeks might 
lead one to postulate that the intromitters and ejaculators 
might be the ones that possess high testosterone values. We 
found that this was not the case. 

(4) It might be supposed that although the obese males 
secrete a normal amount of testosterone, they are less sensi- 
tive to the hormone than are their lean littermates. Daily 
treatment with testosterone for two weeks raised the plasma 
levels well above normal but did not improve the sexual 
performance of obese males. It is conceivable that central 
nervous system mechanisms which are normally influenced 
by testosterone are refractory in the obese rats. Testosterone 
interaction with the anterior hypothalamic-preoptic area is 
considered an essential neuronal mechanism in copulatory 
behavior [2,6]; decreased responsiveness of the brain area to 
this hormone in the obese males is an attractive hypothesis. 

(5) Finally, it might also be that the neuronal or 
neuromuscular mechanisms essential for mating are incom- 
pletely organized in the obese rat. The obese rat displayed 
prolonged intromission latency, ejaculation latency, and 
post-ejaculation period; but normal ejaculation frequency. 
These lead to the possibility that the arousal mechanism 
(AM) may be impaired, but not the copulatory ejaculatory 
mechanism (CEM). These two mechanisms may be regu- 
lated by two different brain areas [7] which implies that cer- 
tain brain area in the obese rat is incompletely organized. 
However more substantial data are needed to prove this 
possibility. 

In conclusion, this study indicates that the obese male 
Zucker rat has abnormal sexual behavior at all ages studied. 
Plasma testosterone levels of obese males are normal at an 
early age when sexual behavior is abnormal. Furthermore, 
testosterone treatment did not improve the sexual behavior 
of obese males. Therefore, decreased responsiveness of the 
copulatory mechanisms to testosterone, rather than testos- 
terone deficiency, is likely to be the cause of this abnormal- 


ity. 
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LI, E. T. S. AND G. H. ANDERSON. Meal composition influences subsequent food selection in the young rat 

PHYSIOL. BEHAV. 295) 779-783, 1982.—Food selection one-half hour after the ingestion (2 g) of either a protein 
containing or a protein-free (carbohydrate) diet was studied in young rats. Following a 12 hr fast the rats were allowed 15 
minutes to consume the meal (premeal). Thirty minutes later, they had access to two isocaloric diets that differed only in 
protein and carbohydrate content. During the first hour of ad lib feeding, protein intake and protein concentration selected 
were lower in the 45% casein prefed group compared to the carbohydrate group. A further reduction in protein intake and 
protein concentration occurred when the protein content of the premeal was increased to 70% from 45% casein. Rats prefed 
with the 70% casein diet significantly reduced their daily total food intake (12 hr) compared to either the 45% casein or 
carbohydrate prefed group. It is concluded that both quantity and composition of food selected is influenced by the 


composition of the preceding meal. 


Premeal Meal composition 


Protein-carbohydrate ratio 


Short-term food selection 





FEEDING studies in which rats are provided a choice of 
diets varying in macronutrient content have shown that rats 
are able to regulate their intake of individual macronutrients. 
For example, rats allowed to select between isocaloric 
protein-free and high protein diets select a constant propor- 
tion of protein in the food consumed [1,14]. Similarly, the 
proportion of food consumed as carbohydrate [17] and fat [9] 
is relatively constant when rats are provided appropriate di- 
etary options. 

Most of the information currently available describing 
macronutrient intake regulation is based on feeding studies 
in which food intake is measured for several days or weeks. 
In order to explore possible mechanisms involved it is impor- 
tant to characterize this regulation on a shorter-term basis. 
Thus we previously reported the presence of different circa- 
dian patterns of protein and carbohydrate intake, and 
suggested that day to day constancy of protein intake is 
achieved despite a constantly changing meal composition 
throughout the day [8]. 

The purpose of the present study was to examine the 
short-term effects of recently ingested food on subsequent 
food selection, and hence further characterize factors in- 
fluencing macronutrient intake regulation. We show that 
when the intermeal interval is fixed, meal selection is de- 
termined by the composition of the previous meal. A high 
protein meal leads to the selection of a meal containing pro- 
portionally more carbohydrate, and vice versa. 


METHOD 


Male, weanling rats of the Wistar strain (Woodlyn Farms, 
Guelph, Ontario), 70 to 80 grams in weight, were randomly 
and individually housed in wire-meshed galvanized cages, in 
a room lighted for 12 hours daily (lights on 0800-2000 hr) and 
maintained at 24+2° C. The animals were received, weighed 


and placed in their individual cages, fasted overnight and 
then fed the experimental diets. Food and water were 
supplied ad lib, unless indicated otherwise. 

For the three experiments conducted, the young rats were 
allowed to select from 10 and 60% casein diets for approx- 
imately two weeks. Prior to the treatments they were given 
six days to adapt to the 12 hour feeding schedule. The rats 
were then divided into matched groups of similar daily total 
food intake, protein intake and selected protein concentra- 
tion. 

The basal diet contained cornstarch (83.5%), corn oil 
(10%), minerals (Teklad Test Diets, TD-67233) (4%) and 
vitamins (2.5%) [11,14]. To prepare the 10% and 60% casein 
diets and the diets fed as premeals (0%, 45% and 70% casein), 
the desired protein concentration was obtained by adding 
casein and decreasing the carbohydrate component. The en- 
ergy density of these experimental diets was calculated to be 
4.25 kcal/g, using the Atwater factors of 4, 9, 4 kcal/g for 
carbohydrate, fat and protein, respectively. 


Experiment | 


The effect of carbohydrate or 45% casein premeals on 
subsequent food selection was tested for eight consecutive 
days. Eleven rats were fasted daily from the beginning of the 
light period (0800 hr) until 1915 hr. At this time they were 
divided into two groups and fed either a two gram protein- 
free (n=6) or 45% casein (n=5) meal (the *‘premeal’’). After 
15 minutes, the food cups were removed, and after an addi- 
tional 30 minutes the rats were allowed to select again from 
the 10% and 60% casein diets. Food consumption was meas- 
ured by weighing at one hour and 12 hours after return of the 
food cups. Eating from the two food cups during the first 
hour was monitored by an eatometer [5,8]. 


Copyright © 1982 Pergamon Press—003 1-9384/82/110779-05$03.00/0 





LI AND ANDERSON 


TABLE | 


PREMEAL EFFECTS ON SUBSEQUENT FOOD INTAKE AND SELECTION IN RATS 
(EXPERIMENT 1)* 





Premeal Total 
Casein (%) g 


Protein? 


Food Intake 


Protein 
Carbohydrate? Concentration§ 





0-1 hr after premeal 


+ 0.12 
+ 0.10** 


2.4 + 0.16 
2.0 + 0.13 


1-12 hr after premeal 


+ 0.30 3.3 
24a 5.6 


— 
+ 


0.16 
0.17 


2 + 0.76 
2.4 + 0.904 


8.8 + 0.23 
9.7 + 032"* 





*Effects of premeals on subsequent food selection from 10 and 60% casein diets was tested 
repeatedly for eight consecutive days. There were 6 and 5 rats in the 0% casein group and 
45% casein group, respectively. Rats weighed between 200 and 250 g. (Mean + SEM was 
derived from the total number of observations. Comparison of differences by ANOVA (diet 
df=1, time df=7, interaction df=7 and error df=72). #p<0.05, **p<0.01. 

+Calculated as protein based on the protein content of the two diets: i.e., total protein 
intake (g) = 0.6 x intake of 60% casein diet (g) + 0.1 x intake of 10% casein diet (g). ; 

tThis refers to non-protein food, i.e., total food intake—protein intake. The fat, vitamin 
and mineral contents are fixed. Therefore, carbohydrate content is the only variable. 


Protein intake (g) x 4 kcal/g Protein 


g 


x 100. 





Total food intake (g) x 4.25 kcal/g Food 


Experiment 2 


The effect of the carbohydrate and 45% casein premeal on 
subsequent food selection was repeated using two groups of 
seven rats for six consecutive days. Then, for the next six 
consecutive days, all rats were given a two gram 70% casein 
premeal. Food consumption from 10 and 60% casein diets 
was again measured by weighing at one hour and 12 hours 
after return of the food cups. 


Experiment 3 


Experiments one and two were carried out using group 
comparisons. Therefore to further test the relationships be- 
tween premeal and subsequent meal composition an addi- 
tional experiment employing a crossover design in which 
each of the ten rats served as their own control. On the first 
treatment day, one-half of the rats, selected at random, were 
given the protein-free premeal and the other half the 45% 
casein premeal. On the following day, the rats which had 
previously received a protein-free premeal were offered a 
45% casein premeal and vice versa. Food consumption dur- 
ing these two treatment days was monitored as before. 

Statistical analysis was by approximate analysis of vari- 
ance using harmonic means for comparisons of groups with 
unequal numbers and by paired f-test [15]. A probability 
level of 5% was taken as the acceptable point of statistical 
significance. 


RESULTS 


The majority of rats consumed the premeal within the 
given time whether it contained no protein, 45% casein or 


70% casein. On the average, the rats consumed 90% of the 
two gram premeal. In experiment one, they consumed 
1.8+0.03 g of the protein-free diet and 1.9+0.03 g of the 45% 
casein diet. In experiment two, the carbohydrate prefed rats 
ate 1.7+0.03 g and the 45% casein prefed rats ate 1.8+0.02 g 
of food. When these two groups were given the 70% casein 
diet, they consumed 1.8+0.02 g and 1.9+0.01 g of food, 
respectively. 


Experiment 1 


Based on the eatometer measurements, all rats began eat- 
ing within 10 minutes after the 10 and 60% casein diets were 
replaced in the cage and the average eating time was 25 
minutes. The rats prefed the 45% casein premeal ate less 
protein than rats prefed the carbohydrate premeal, 
F(1,72)=42.08, p<0.01 (Table 1). Although they consumed 
less total food, the protein concentration selected by the rats 
prefed 45% casein was lower than that of the group fed 
carbohydrate, indicating their relative preference for carbo- 
hydrate during the first hour of free choice selection, 
F(1,72)=38.1, p<0.01. The reduced food intake occurring 
during the first hour after the high protein premeal was com- 
pensated for over the next 11 hours, F(1,72)=18.17, p<0.01, 
primarily by a statistically significant increase in the con- 
sumption of the low protein diet (10% casein). As a conse- 
quence, carbohydrate intake between 1-12 hr, by the 45% 
casein prefed rats was significantly higher than that of the 0% 
casein prefed rats, F(1,72)=22.50, p<0.01 (Table 1). Mean 
total daily food intake (premeal intake included) (21.1+0.43 g 
vs 20.1+0.39 g), protein intake (7.3+0.22 g vs 7.1+0.22 g) and 
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TABLE 2 
PREMEAL EFFECTS ON SUBSEQUENT FOOD SELECTION IN RATS (EXPERIMENT 2)* 





Premeal 
Casein (%) g 


Protein 


Food Intake 


Protein 
Carbohydrate Concentration 
g % 





0-1 hr after premeal 


3.7 + 0.187 
4.6 + 0.188 


1.3 + 0.08 
1.0 + 0.07% 


2.4 + 0.13 
3.6 + 0.138 


1-12 hr after premeal 


14.5 + 0.33 4.6 + 0.15 


45 13.8 + 0.2 4.3 + 


9.9 + 0.27 30.3 + 0.79 
9.5 + 0.20 29.5 + 0.88 





*This experiment was designed identically to Experiment 1, using rats averaging 250 g. 
There were seven rats per group and the treatments were repeated for six consecutive days. 
+Mean + SEM was derived from the total number of observations. Comparison of differ- 
ences by ANOVA (diet df=1, time df=5, interaction df=5 and error df=72). 

tp<0.05, §p<0.01. For further details, see footnotes to Table 1. 


protein concentration selected (32.8+0.79% vs 33.0+0.79%) 
did not differ between the two groups. 


Experiment 2 


When the experiment was repeated, using another group 
of rats, first hour protein intake again decreased after the rats 
consumed a 45% casein premeal compared to a carbohydrate 
premeal, F(1,72)=4.28, p<0.05 (Table 2). However, in con- 
trast to the first experiment the 45% casein prefed rats ate 
significantly more food than the carbohydrate prefed rats, 
F(1,72)= 13.29, p<0.01, primarily from the low protein food 
cup. Their carbohydrate intake during the first hour of feed- 
ing was significantly higher than that of the 0% casein prefed 
rats, F(1,72)=35.87, p<0.01. As a consequence, their 
selected dietary protein concentration was lower than that of 
the carbohydrate prefed rats, F(1,72)=32.37, p<0.01, which 
is consistent with the results of the first experiment. During 
the remainder of the dark hours, the carbohydrate prefed 
rats tended to consume more food than the 45% casein pre- 
fed rats (Table 2). Thus, mean daily total food intake, protein 
intake and protein concentration were similar for the two 
groups. 

Whether previously given either a protein free or 45% 
casein premeal, all rats consistently exhibited stronger pref- 
erence for the 10% casein diet than for the 60% casein diet 
during the first hour after a 70% casein premeal. As a conse- 
quence, dietary protein concentration selected during the 
first hour after a 70% casein premeal was lower than after a 
45% casein or a protein-free premeal (Table 3). The 70% 
casein premeal caused a statistically significant reduction in 
food intake, F(1,72)=5.32, p<0.05, in rats previously prefed 
the protein-free diet. This difference in the first hour food 
intake was due to the reduction in protein, F(1,72)=23.70, 
p<0.01, but not carbohydrate intake (Table 3). On the other 
hand, the reduction in first hour food intake, F(1,72)=20.50, 
p<0.01, by the 70% casein premeal in rats previously prefed 
the 45% casein diet was brought about by reduction in both 
protein, F(1,72)=29.03, p<0.01, and _ carbohydrate, 


F(1,72)=11.75, p<0.01, intake. Food selection during the 
rest of the dark hours (1-12 hr) was not different between 
treatments (70% vs 45% or 0% casein, data not shown). 
However, daily food intake was reduced in rats receiving a 
70% premeal compared to the same rats receiving either a 
45% casein premeal (19.5+0.30 g vs 20.3+0.28 g, 
F(1,72)=3.97, p<0.05) or a protein-free premeal (18.7+0.31 
g vs 19.9+0.30 g, F(1,72)=7.51, p<0.01). 


Experiment 3 


Despite varying orders of premeal presentation, rats pre- 
fed with a 45% casein diet consistently selected less protein 
(A=0.38+0.17 g, t=2.29, p<0.05) and lower protein concen- 
tration (A=9.9+2.4%, t=4.18, p<0.005) during the first hour 
of ad lib feeding (difference = response to 0% casein premeal 
— 45% casein premeal with n= 10, paired f-test). Thus, these 
results, using a crossover design emphasize that individual 
rats consistently respond to changes in premeal composition 
as was predicted from the group data of the previous experi- 
ments. 


DISCUSSION 


The results of this study show that the composition of 
recently ingested food may be a factor determining the 
short-term regulation of macronutrient intake in rats. Under 
conditions where the size of the premeal and the length of the 
intermeal interval are controlled, differences in food selec- 
tion after premeals of carbohydrate or protein are easily 
demonstrated. 

The size of the premeal, the length of the intermeal inter- 
val and the amount of time allowed for selection may be 
important determinants of the observed behavioral response 
after the consumption of premeals containing varying pro- 
portions of carbohydrate and protein. In the present study 
two grams of food was offered 45 minutes prior to the onset 
of darkness in order to simulate a situation approximating 
free-feeding and at the same time, to standardize the premeal 
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TABLE 3 


FIRST HOUR FOOD SELECTION PATTERN OF RATS PREFED A 70% CASEIN DIET 
(EXPERIMENT 2)* 





Premeal 
Treatment zg 


Protein 


Food Intake 


Protein 


Carbohydrate Concentration 





0% Casein 
70% Casein 
45% Casein .6 + 0.18 
70% Casein .4 + 0.188 


0.187 1.30 + 0.08 
+ 0.28} 0.60 + 0.09§ 


1.00 + 0.07 
0.60 + 0.05§ 





*Immediately following the six day premeal testing using either a 0% or 459 


4 
y/ 


@ casein diet 


(Table 2), all rats were given a 70% casein premeal treatment daily for the next six consecu- 
tive days. Mean + SEM was derived from the total number of observations. Comparison 
of 0 and 70% casein premeal-fed group and 45 and 70% casein premeal fed groups by 
ANOVA (diet df=1, time df=5, interaction df=5 and error df=72). 

tp <0.05, §p<0.01. For further details, see footnotes to Table 1. 


intake so that the protein content of the premeal was the 
major variable. This design was based on a previous study 
which showed that, in the self-selecting rat, the average la- 
tency to the first meal after the onset of the light period was 
10.1 hours, and the average meal size was 2.2 g [12]. It re- 
mains to be determined, however, whether the controlled 
meal size might be a factor in the relationship observed, and 
caution should be observed in extrapolating the findings to 
ad lib feeding situation. 

One-half hour was selected as the fixed intermeal inter- 
val. This decision was based on the opinion that rats which 
begin to eat after 20-40 minutes of non-eating activity are 
starting a new meal [10]. This interval also roughly approx- 
imates the time between meals in self-selecting rats during 
the early dark period so that the interval chosen roughly 
reflected the circumstances that might have occurred in 
free-feeding rats [8]. Because only one fixed interval was 
used, this study does not define the duration of the premeal 
effect. That is, it would be of interest to define the range of 
between meals interval over which the premeal composition 
remains effective on subsequent food selection. 

The size and composition of the subsequent discrete meal 
was used in evaluating the premeal effects because eatome- 
ter data revealed that rats do not necessarily approach the 
carbohydrate diet first after consuming a high protein meal 
and vice versa. Thus, failure to measure less than the com- 
position of a complete meal would have led to an erroneous 
conclusion. Because all rats began eating within 10 minutes 
after the food cups were replaced in the cage and the average 
time to consume a meal was 25 minutes, weighing the food 
cups one hour after self-selection provided a reasonable es- 
timation of the size and composition of the first self-selected 
meal. 

The main effect of manipulating the premeal composition 


is that rats eat relatively more from the cup that supplies the 
nutrient that is absent from or reduced in the premeal, al- 
though they do not avoid eating the diet containing the nutri- 
ent provided in the premeal. For example, after a carbo- 
hydrate premeal rats continue to select a substantial amount 
of non-protein food during the first hour of free feeding. 
These observations suggest that the control of food intake 
through meal composition and frequency adjustment is 
under fine regulation. 

Displacing carbohydrate by protein in the premeal does 
not simply shift subsequent dietary selection but also influ- 
ences total food intake. Compared to the protein-free pre- 
meal, the 45% casein premeal does not consistently result in 
lower food intake during the subsequent one hour period but 
the 70% casein premeal suppresses immediate as well as 
daily total food intake. This influence of protein on total food 
intake is consistent with the known effects of high protein 
diets on food intake [3,11] and with observations that an 
intragastric load of protein hydrolysate has a greater effect 
than an isocaloric load of glucose [7]. 

The mechanism by which the composition of a recently 
ingested meal influences subsequent nutrient selection is un- 
known, but may be related to proposed mechanisms of carbo- 
hydrate or protein intake regulation [1, 2, 4, 17]. These mac- 
ronutrients have different effects on gut hormone release 
[13], plasma amino acid patterns [6,12] and brain monoamine 
metabolism [12,16]. Although the mechanisms have not been 
elucidated, however it is clear from both long-term and meal 
studies that these mechanisms are present and result in the 
regulation of protein and carbohydrate intake. Thus, the 
self-selection model, using nutritionally complete dietary 
choices, continues to show promise in the investigation of 
food intake regulatory mechanisms as we originally pro- 
posed [1]. 
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PHILLIPS, K. M. Effects of time of administration of ethanol on open field behavior in hamsters. PHYSIOL. BEHAV. 
29(5) 785-787, 1982.—Sixteen male hamsters, maintained on a 12-hour light-dark cycle, were observed in an open field at 
six predetermined times in their activity cycle. The experimental group (N =6) was injected intraperitoneally with 1.5 g/kg 
ethanol (10% w/v) immediately prior to observations. Control animals were either injected intraperitoneally with a physi- 
ological saline solution (N=5) or were without treatment (N=5). Open field measures were the number of squares entered 
during a five-minute period (locomotion) and latency (in seconds) to reach the wall from the center. It was found that 
ethanol affected the animals differently during light and dark phases. Locomotion measures indicated an increase in activity 
during dark phases and a decrease during light phases, relative to the baseline. An increase in latency was found during the 


light phase for experimental animals relative to baseline measures. A group » 


time of administration interaction for 


locomotion was also found. These findings suggest that factors such as time of administration may influence the effects of 
ethanol and that keeping time of administration constant is important when investigating drug effects. 


Diurnal variations Circadian rhythms Ethanol 





THE consideration of circadian rhythms in evaluating data in 
drug research has become increasingly important [3,6]. In 
examining the effects of various drugs on experimental 
animals, a possible source of variance may result from 
differences in locomotor phase or physiological rhythms as 
reflected by changes in locomotor activity [3]. To reduce this 
variability, it is important that time of drug administration be 
kept constant for all animals [6]. 

Although several reports have been made of the interac- 
tion of various drugs and time of administration [1, 2, 3, 4], 
few investigations have examined time-related activity 
differences in animals administered ethanol. Lagerspetz [9] 
found that rats’ performance on a tilted-plane test and 
locomotion in the open field were most affected by ethanol 
during the dark phase of their activity period. Similar differ- 
ences in performance as a function of circadian cyclicity 
were reported by Holloway [7] who found a relationship be- 
tween time of ethanol administration and maze performance 
in rats. Haus and Halberg [5] examined the susceptibility of 
mice to a lethal dose of ethanol and found that these animals 
were most likely to succomb to a constant dose of ethanol 
when administered during the light phase. 

These findings demonstrate the relationship between be- 
havioral and physiological effects and time of administration 
of ethanol. Implications for circadian susceptibility of 
ethanol are also suggested. The present investigation was 
conducted to examine the importance of keeping time of 
repeated drug administration constant over days. Specific- 
ally, what are the effects of ethanol on open field behavior 
relative to the light cycle. It was predicted that periodic 


Hamsters 


Rodent Alcohol Phase 


changes in the animals’ locomotor reaction to the ethanol 
(1.5 g/kg) would have a stimulating effect on activity during 
the dark cycle [8] and would suppress behavior during the 
light cycle [5,10]. 
METHOD 

Subjects 

Sixteen experimentally naive male hamsters 90 days old 
and weighing an average of 92.4 grams at the onset of the 
experiment were used. The animals were individually 
housed in clear plastic cages containing corn cob bedding. 
Food and water were freely available in the animals’ cages 
throughout the experiment. Two weeks prior to data collec- 
tion, the animals were moved to the testing room and accli- 
mated to a 12-hour light, 12-hour dark light-dark cycle with 
an 11:00 light offset. Fluorescent tubes situated above the 
animal rack provided an ambient level of illumination (32 
foot-candles). 


Apparatus 


The apparatus was a 60x90 cm open field constructed of 
clear Plexiglas. The floor was divided into six squares of 
equivalent size (1015 cm each). Illumination for the open 
field was identical to that of the housing cages. 


Procedure 


The hamsters were randomly assigned to one of three 
groups. Experimental animals (N =6) were injected intraperi- 
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toneally with 1.5 g/kg ethanol (10% w/v) using a saline vehi- 
cle. Control animals were either injected intraperitoneally 
with buffered physiological saline (N=5) or were without 
treatment (N=5). On the average, injected animals were 
given 0.12 cc of either ethanol or saline, respectively. Fol- 
lowing the injection, the animal was returned to its home 
cage for 15 minutes before being observed in the open field. 

During the two-week experimental period each hamster 
was observed for a total of twelve times in the open field. 
Observations were made twice at each of six predetermined 
times (0, 4, 8, 12, 16, and 20 hours). The order of time of 
measurement was counterbalanced for each group of 
animals. The first observation for each time period for exper- 
imental animals constituted the baseline measure and the 
second the testing measure. Care was taken to keep open 
field observations at least 24 hours apart to insure that the 
inter-trial interval would be constant. 

Animals were placed in the center of the field and a record 
was made of the latency to reach the field periphery and the 
number of squares entered during a five-minute period. At 
the end of each session the subject was returned to its home 
cage. The field was then thoroughly cleaned with alcohol and 
dried to eliminate any odors from the previous animal. 

Scores for each of the dependent measures were arranged 
in separate groups (Ethanol vs Saline vs No Treatment) x 
time of day (0, 4, 8, 12, 16, and 24) factorial design and 
analyzed using separate two-way analyses of variance 
(ANOVA), with repeated measures. Further comparisons 
were made of the baseline and test data, using t-tests, for 
both the light and dark phases. 


RESULTS 


The analysis of the locomotion data indicated that ethanol 
produced a significant time-related difference in activity, 
F(2,5)=94.91, p<0.001. Locomotion rates were higher dur- 
ing the dark than during the light phases for all groups with 
the ethanol producing a larger increment in activity rate in 
experimental animals during the dark cycle, 1(5)=9.10, 
p<0.01 and decrement during the light phase, #(5)=23,14, 
p<0.001, relative to baseline measures. The mean frequen- 
cies of locomotion for experimental animals during baseline 
were 59.0 and 93.7 and test days were 32.3 and 456.7 for light 
and dark phases, respectively. A significant group x time of 
administration interaction was also found, F(2,5)=6.59, 
p<0.05. 

The analysis of latency times also indicated a significant 
time-related effect of ethanol on animals in the experimental 
group, F(2,5)=8.54, p<0.05. Latency was longer during light 
hours than dark for all groups and the ethanol produced a 
greater increase in latency during light phases in experi- 
mental animals, t(5)=3.77, p<0.05. The mean latency times 
(in seconds) for these animals on the test days were 8.4 and 
43.7 for dark and light phases, respectively. No other com- 
parisons revealed significant findings. 


PHILLIPS 


DISCUSSION 


The results of the present study support the prediction 
that hamsters will react differentially to ethanol relative to 
the light-dark cycle. A small dose of ethanol administered 
during the dark phase is associated with higher levels of 
activity, while the same dose administered during the light 
phase had an opposite effect on the animals. These data 
suggest that one way to insure less variability in drug re- 
sponses would be to keep time of administration constant in 
all animals when conducting drug research. 

In the present study, a relatively small dose of ethanol 
(1.5 g/kg, 10% w/v) was used. Previous studies have reported 
using as high as 9 g/kg ethanol, which was found to be lethal 
in mice [6]. Other investigations have found behavioral im- 
pairment in animals when doses as small as 0.5 g/kg were 
used [10]. Findings from the present study imply that the 
dose-response curve may also change relative to the light- 
dark cycle. In this case, a constant behavioral effect from a 
particular drug may be difficult to achieve by simply manip- 
ulating the dosage level of that drug. Rather, the drug may 
have to be increased during one time period and reduced 
during a different time period in order to achieve the same 
behavioral effects [6]. This further suggests a potentially 
great margin of error of the lethal dose of the drug [5]. It has 
been found that the mortality of mice given ethanol was 
higher during the light than dark phases [5]. Other drugs, 
such as amphetamines [2,4], pentobarbital [11], and barbitu- 
rates [1,3] have also demonstrated differential susceptibility 
to anesthetic and lethal doses of these substances. 

The findings in this study indicate that the ethanol altered 
the behavior of the hamsters most during the dark cycle. The 
small dose of ethanol produced a drug effect stimulating be- 
havior during the dark phase, when the animals were most 
active. Matchett and Erickson [10] have also found that a 
small dose of ethanol appears to stimulate psychomotor be- 
havior in animals. During the light-on phase the ethanol 
produced a depressing effect on behavior. It appears that 
ethanol stimulates animals during the phase they are most 
active and depressed behavior when the animals are least 
active. 

Although the present investigation suggests that ethanol 
differentially affects locomotor activity during light and dark 
phases, it would be interesting to reveal the various mech- 
anisms that may be associated with these activity-related 
changes. Future research is needed to ascertain the time- 
related effects of ethanol on the neural and hormonal bases 
of rhythms in rodents. 
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INGERSOLL, D. W., G. BOBOTAS, C.-T. LEE AND A. LUKTON. £-Glucuronidase activation of latent aggression- 
promoting cues in mouse bladder urine. PHYSIOL. BEHAV. 29(5) 789-793, 1982.—The present study was designed to 
investigate the chemical properties of the aggression-promoting cues present in bladder urine of male mice. The results of 
the first experiment confirmed earlier work by demonstrating the presence of an aggression-promoting chemosignal in 
bladder urine. In Experiment 2, behavioral assays were separately performed on the organic and aqueous layers of bladder 
urine obtained by repeated dichloromethane extractions. Only the combined organic layers of the initial three extractions 
demonstrated behavioral activity. A fourth extraction showed no behavioral activity for both organic and aqueous layers. 
However, the findings of Experiment 3 showed that incubation of the aqueous layer from the third CH.Cl, extraction in 
8-glucuronidase can free additional aggression-promoting cues into a subsequent CH,Cl, extraction. It is concluded that 
two forms of the aggression-promoting chemosignal are present in bladder urine. One is lipophilic and behaviorally active, 
whereas the other is conjugated, possessing latent chemosignal properties. 


Bladder urine 
Social behavior 


B-Glucuronidase 
Mus musculus 


MURINE agonistic interactions among male conspecifics 
have been shown to be regulated by urinary chemosensory 
cues [1, 3, 9, 21]. For example, fighters display more aggres- 
sion when exposed to intact than castrated stimulus animals 
[10]. Furthermore, castrated stimulus animals coated with 
intact male urine can incite more attack behavior than similar 
animals coated with castrated male urine [10,18]. It has also 
been shown that testosterone propionate administered to 
castrated males can restore the aggression-promoting prop- 
erties of their urine [11,17]. As has been shown in the pig 
[15], it may be that some metabolic endproducts of steroid 
catabolism (e.g., 16-androsten-3-one) have chemosignal ac- 
tivity. 

In most mammalian species [6], excreted urinary steroid 
metabolites are distributed as (a) free lipophilic aglycones, 
(b) polar glucuronides and (c) polar sulfates. Unpublished 
work [26] indicated that an extracted aqueous layer of voided 
urine is not behaviorally active unless incubated with 
B-glucuronidase, and a previous report [9] has shown that 


Chemosensory cues 


Conjugation Inter-male aggression 


the chemosignal is lipophilic. Thus, previous work is consis- 
tent with the notion that the aqueous layer contained a con- 
jugated chemosignal which was activated by treatment with 
8-glucuronidase. 

Since we are currently involved in the isolation and iden- 
tification of the aggression-promoting chemosignal, it is of 
interest to determine whether it is present in urine as a 
glucuronide. The liver is the major site of steroid glucuronide 
biosynthesis [22]. However, the murine kidney, epididymal 
and preputial tissues have also been shown to contain 
B-glucuronidase, the enzyme responsible for the cleavage of 
the steroid-glucuronic acid bond [14]. Thus, one may expect 
to find a greater portion of the chemosignal as a conjugate in 
bladder urine than in voided urine. The preputial gland in 
rodents has been shown to contain substances which possess 
chemosignalling activity [5,8]. Consequently, to avoid po- 
tential preputial chemosignal contamination and 
B-glucuronidase activity, we have chosen to work with blad- 
der urine as the source of chemosignal material. 
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The following series of experiments examine the 
aggression-promoting properties of intact male bladder urine 
and the conversion of the conjugated chemosignal into a be- 
haviorally active form by 8-glucuronidase. The chemosignal 
from voided intact male urine is readily extracted by di- 
chloromethane [26] and this procedure has been im- 


plemented in Experiments 2 and 3. 


GENERAL METHOD 
Animals 


A total of 595 male SJL/J (SJL) mice were used in the 
following experiments. Animals were weaned at 30 days 
of age and thereafter were individually housed in poly- 
propylene cages (33 x 20x 12.7 cm high) with pine shavings as 
nesting material. Each SJL male was randomly assigned to 
one of five groups at 65-70 days of age: (a) trained fighters, 
(b) stimulus animals, (c) donors of intact male voided urine, 
(d) donors of castrated male voided urine, (e) donors of in- 
tact male bladder urine. Also, 25 group-housed (4/cage) 
C57BL/10J (C57) male mice were used as danglers during the 
training of prospective fighters. SJL mice (ca. 100 days of 
age) were trained to attack by use of the dangling method 
[12,23]. Animals were maintained in an environment of 
20.5°C and on a 12-hr light/dark cycle (lights on: 0800-2000 
hr). Food and water were available ad lib. 

At 65-70 days of age, each member of the stimulus 
animal, castrate urine donor and dangler groups were bilat- 
erally gonadectomized. For surgery, an animal was 
anesthesized by a single IP injection of Equithesin (0.004 
ml/g body wt.). Afterwards, animals were given a minimum 
of 14 days of recovery from surgery. 


Apparatus and Procedure 


Urine collection. Voided urine was collected as previ- 
ously described [13] from two groups of SJL urine donors: 
intact and castrated males. For the collection of bladder 
urine, SJL males were anesthesized with chloroform. An 
incision was made to expose the bladders and the contents 
were removed by means of a polypropylene syringe 
equipped with a 26 ga needle. The animals were then sac- 
rificed by cervical dislocation. A total of 20 ml of bladder 
urine was collected and pooled for use in the subsequent 
experiments. 

Behavioral testing. The behavioral assay for each test 
substance consisted of pairing a fighter (N=12/test sub- 
stance) with a different stimulus animal (N=24/test sub- 
stance) over the course of two sessions. Thus, each fighter 
was exposed to two types of stimulus cues: Urinary sub- 
stance and distilled water. The stimulus presentation was 
counterbalanced by initially exposing six of the fighters to 
stimulus animals coated with a urinary test substance while 
the remaining six fighters were paired with water-coated 
stimulus animals. During the second session, the stimulus 
presentation was reversed. Test sessions were separated by 
48 hr and each was 15 min in duration commencing after the 
first attack. The behavioral tests were conducted in a poly- 
propylene cage (36.831.1x16.5 cm high) equipped with 
fresh nesting material and covered by a clear Plexiglas top. 

Immediately before the session, 0.3 ml of liquid was 
transferred to a Q-tip cotton swab by means of a syringe. The 
stimulus material was then coated on the urogenital area of a 
stimulus animal. To initiate the session, the stimulus animal 
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was placed in the corner of the apparatus most distant from 
the fighter. 

The following indices of fighter’s attack and urogenital 
sniff behaviors were recorded on Hunter Timers (Model 
120C) and electromagnetic counters: cumulative frequency, 
duration and time to first occurrence of each behavior, i.e., 
latency. 

Data analysis. Correlated t-tests (df=11) were performed 
on the original scores and were used to analyze within-group 
comparisons. However, between-group comparisons were 
performed on difference scores (test substance minus water 
scores per subject) by F-tests which were supplemented by a 
posteriori Scheffé analyses (df=22). The data transformation 
was due to occasional occurrences of significant differences 
between control stimulus conditions. 


EXPERIMENT | 


Previous work has demonstrated that castrated stimulus 
animals coated with intact male bladder urine elicit more 
aggression in fighters than those coated with water [8]. Since 
our behavioral assay differs from the one used in the 
aforementioned study, it was of interest to confirm and ex- 
tend these earlier findings. The present experiment com- 
pares the aggression-promoting properties of intact male 
bladder urine with those of voided urine collected separately 
from intact and castrated adult males. Thus, 3 test sub- 
stances were examined using a total of 36 fighters and 72 
stimulus animals. 


RESULTS 


Fighters presented with voided (f=16.61, p<0.01) or 
bladder urine (t=2.97, p<0.05) from intact males signifi- 
cantly increased their number of attacks over that of their 
respective water base level scores. For castrate voided urine 
exposed fighters, no significant (¢=0.33, p<0.50) change in 
frequency of attacks was obtained across sessions (see Table 
1). 

Analyses of the difference scores showed significance 
(F=98.06, p<0.01) and was subsequently found to be due to 
significant differences for comparisons between voided in- 
tact urine and other groups. As shown in Table 1, the bladder 
urinary chemosignal induced less aggression than did the 
voided intact urinary stimulus. 

The findings of the attack duration index were similar to 
that of the frequency measure. For the attack latency meas- 
ure, however, only the intact urine chemosignal induced 
significantly (p<0.05) lower latency scores than both water 
and castrate stimuli. 

The presence of aggression-promoting cues in intact male 
voided urine and the lack of such a chemosignal in castrate 
urine replicates the findings of previous reports [10,18]. Ex- 
periment | also supports the findings of Jones and Nowell [8] 
that bladder urine from intact males contains aggression- 
promoting cues. However, the agonistic behaviors induced 
by bladder urinary cues were not equivalent to those induced 
by intact voided urinary stimuli. It may be that (a) a portion 
of the bladder urine total stimulus complex is in conjugated 
form and thereby behaviorally inactive, and/or (b) voided 
urine of intact males contains additional aggression- 
promoting cues supplied by secondary sexual glands. 


EXPERIMENT 2 


The present experiment attempted to determine the 
lipophilicity of the aggression-promoting chemosignal in 
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TABLE 1 


EFFECTS OF URINARY TEST SUBSTANCES ON THE ATTACK 
BEHAVIOR OF TRAINED FIGHTERS* 





Experiment | Bladder Urine Aggression-Promoting Chemosensory Cues 


Intact male 
voided urine 


Castrated male 
voided urine 


Intact male 
bladder urine 





Mean SD 
20.5 4.1 
24.0 13.1 

—19.2 16.8 


Frequency 
Duration? 
Latency* 


Mean SD Mean SD 
32 35 aS oo 
8.8 10.7 it i ft 
2.9 18.1 —0.7 17.2 





Experiment 2 Dichloromethane Extractions of Male Bladder Urine 


Voided 
Urine 


Initial CH,Cl, 
Extracts 


Final 
Aqueous 
Extract 


Final CH,Cl, 
Extract 





SSD 
3.0 
4.6 

11.7 


Mean 
15.8 
24.6 

— 18.3 


5.8 
12.8 
-$.3 


Frequency 
Duration? 
Latencyt 


Mean SD 


14.1 


Mean 
0.7 


Mean SD 
3.3 -1.6 1.0 
5.7 -2.1 1.6 
10.0 16.9 





Experiment 3 Incubation of the Extracted Aqueous Layer of Male Bladder Urine with 


B-glucuronidase 
Voided 
Urine 


Enzyme Treated Control 





Mean SD 
18.7 4.5 
28.9 6.9 

—16.0 11.2 


Frequency 
Duration? 
Latency* 


SD Mean SD 
4.4 1.8 4.0 
6.0 1.8 3.4 
18.0 —5.3 17.4 


Mean 
9.0 
14.0 


—11.2 





*Values are mean difference scores (test substance minus water scores per subject). 


*+Measured in seconds. 


bladder urine from SJL male mice. Any nonpolar substances 
present in bladder urine were removed by a series of three 
repetitive extractions with dichloromethane (CH,Cl,). The 
organic layers from these extractions were then pooled prior 
to behavioral testing. In order to ascertain that all of the 
chemosignal was removed by extraction, the final aqueous 
layer was extracted with CH,Cl,. The organic and aqueous 
layers from this fourth extraction were then each separately 
tested for their aggression-promoting properties. In addition, 
a fourth group of animals were exposed to stimulus animals 
coated with untreated intact male voided urine. 

Forty-eight mice were trained as fighters and 96 were 
bilaterally gonadectomized to serve as stimulus animals. 
Urine collection and behavioral testing were performed as 
previously described. 

All reagents used were of analytical grade (Burdick and 
Jackson Laboratories, and Fisher Scientific Co.) and were 
used without further purification. Four ml of bladder urine 
was extracted four times with 4 ml portions of CH,Cl,. The 
organic layers from the first three extractions (initial CH,Cl, 
extracts) were pooled and dried over anhydrous sodium sul- 
fate. The sample was evaporated to dryness with a stream of 
nitrogen and 4 ml of distilled water was added to the residue 
in order to produce a test substance. The organic layer from 
the fourth extraction (final CH,Cl, extract) was separately 


treated in a similar manner. The third substance tested for 
behavioral activity was the aqueous layer (final aqueous 
layer) from the fourth extraction. Prior to testing, its volume 
was adjusted to 4 ml by the addition of 0.4 ml of distilled 
water. Including the group exposure to intact voided urine, a 
total of four urinary substances were tested for the ability to 
elicit aggression. 


RESULTS 


Both groups of intact voided urine (t=17.70, p<0.01) and 
initial CH.Cl, extracts (t=5.74, p<0.01) chemosignal ex- 
posed fighters significantly increased their frequency of at- 
tacks over water base level scores. In contrast, the final 
CH.Cl, extract induced a significant decrease (t=5.06, 
p<0.01). No significant change (t=1.02, p>0.30) in fre- 
quency of attacks was obtained for the final aqueous extract 
stimulus condition. 

Between group analysis was significant (F=102.98, 
p<0.01) and was subsequently found to be due to significant 
differences for five of the six group comparisons (f’s 4.71, 
p<0.01). No significant difference (t=2.09, p >0.05) in fre- 
quency of attacks was found in the final CH,Cl, and aqueous 
extract groups. The rank order from lowest to highest in 
mean frequency of attacks was: (a) final CH,Cl, extract, (b) 
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final aqueous extract, (c) initial CH,Cl, extracts, (d) intact 
voided urine (see Table 1). 

Since the final CH,Cl, extract stimulus induced signifi- 
cantly (t=3.10, p<0.05) fewer attacks than its own base level 
scores, it can be concluded that the final CH,Cl, extract 
contains aggression-inhibiting properties, perhaps due to re- 
sidual presence of the solvent CH,Cl, [13]. The finding that 
the initial CH,Cl, extracts induced attacks significantly 
greater than the final aqueous extract (t=4.71, p<0.01) and 
significantly less than intact voided urine (f=9.34, p<0.01) 
confirms the results of Experiment | that bladder urine con- 
tains aggression-promoting cues. Also, the lack of obtaining 
an aggression-promoting chemosignal effect with either the 
final CH,Cl, extract or the final aqueous extract stimuli indi- 
cates that most if not all of the active chemosignal had been 
removed within the first three extraction procedures. 

The findings of Experiment 2 indicate that the behav- 
iorally active form of the aggression-promoting chemosignal 
can be initially purified from intact male bladder urine by 
three CH.Cl, extractions. Also, aggression-promoting cues 
were not uncovered in either the final CH,Cl, extract or final 
aqueous extract stimuli. The lower level of agonistic behav- 
ior induced by the initial CH,Cl, extracts of bladder urine 
relative to intact voided urine stimuli suggests that the aque- 
ous layer may contain a portion of the chemosignal material 
in a behaviorally inactive form. 


EXPERIMENT 3 


The following experiment assayed for the presence of a 
conjugated chemosignal in bladder urine. The lipophilicity of 
the aggression-promoting chemosignal suggests that it may 
be found in bladder urine as a glucuronide or sulfate. Most 
lipophilic molecules exhibit a low rate of renal excretion un- 
less their polarity is increased by conjugation to an endoge- 
nous substrate [24]. If conjugation is important for the renal 
clearance of the chemosignal, then one would expect the 
aqueous layer after CH,Cl, extraction to contain a significant 
amount of the lipophilic chemosignal in a conjugated form. 

Two types of urine were collected from male donors: voi- 
ded and bladder urine. Half of the aqueous layer following 
three CH,Cl, extractions of bladder urine was incubated with 
8-glucuronidase, whereas the remaining portion was ex- 
posed to denatured enzyme. In order to suppress bacterial 
growth, both samples were treated with antibiotics (General 
Biochemicals; USP grade). 

Eight ml of bladder urine was extracted three times with 4 
ml aliquots of CH,Cl,. The final aqueous layer was divided 
into two equal portions (3.7 ml) which were then diluted by 
the addition of distilled water to a final volume of 20 ml. The 
pH was then titrated to a value of 4.8 by the use of 5M 
hydrochloric acid. Four mg of streptomycin sulfate (749 
g/mg) and 2 mg of penicillin G (sodium salt; 1650 Units/mg), 
in 3 ml of 0.5 M sodium acetate buffer of pH 4.8, were added 
to each sample. To one sample (enzyme-treated), 28,500 
Fishman units of bovine liver B-gluruconidase (380 Fishman 
Units/mg) in 2 ml of acetate buffer were added. The control 
sample, however, received enzyme which had been dena- 
tured by heating at 100°C for 15 min, hereafter referred to as 
the incubation control stimulus condition. The sealed tubes 
were incubated for 70 hr at 38°C with constant agitation and 
their contents separately received a fourth extraction with 25 
ml of CH,Cl,. Thus, both samples received a total of 4 ex- 
tractions equivalent to the final CH,Cl, extract of Experi- 
ment 2. Each organic layer was dried and concentrated as 
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described in Experiment 2. To each residue, 4 ml of distilled 
water was added. 

Behavioral testing was performed on these two reconsti- 
tuted extracts as previously described. At the same time, a 
third group of animals were tested with intact voided urine in 
order to facilitate a comparison with normal levels of 
chemosignal activity. Thus, three test substances were 
examined using 36 trained fighters and 72 stimulus animals. 


RESULTS 


Fighters exposed to either intact urine (= 13.66, p<0.01) 
or enzyme-treated sample (f=6.76, p<0.01) significantly in- 
creased their frequency of attacks over control test scores, 
whereas the incubation control induced no significant 
(t=1.51, p>0.10) change in behavior. In addition, all be- 
tween group comparisons were significantly different 
(F=41.91, p<0.01). As shown in Table 1, the enzyme-treated 
stimulus material induced intermediate attack scores be- 
tween that of intact urine (t=5.24, p<0.01) and the denatured 
incubation control (t=3.88, p<0.01). Also, the latter two 
stimulus conditions were significantly different (=9.12, 
p<0.01). 

The findings of the cumulative duration of attack behavior 
mirrored that of the frequency index (see Table 1). Latency 
to attack indicated that only fighters exposed to intact voided 
urine significantly (t=4.73, p<0.01) decreased the time to 
first attack over base level scores. 

The findings of Experiment 3 indicate that male bladder 
urine contains a chemosignal in conjugate form. This 
glucuronide is a ‘‘pro-chemosignal’’ having latent 
chemocommunicative properties when exposed to 
§8-glucuronidase. 


GENERAL DISCUSSION 


The present study supports previously reported findings 
[8] that bladder urine from intact male mice contains 
aggression-promoting chemosensory cues. As was found for 
intact male voided urine [13], a behaviorally-active compo- 
nent of bladder urine is readily soluble in CH,Cl,. In addi- 
tion, it was shown that the aqueous layer did not possess this 
chemosignal unless incubated with 6-glucuronidase. 


All three sources of bladder urine chemosignal 
material—whole bladder urine, initial CH,Cl, extracts, and 
B-glucuronidase-treated aqueous extract—stimulated signif- 
icantly less agonistic behavior than voided urinary cues. 
Also, ‘‘visual’* comparisons across Experiments 2 and 3 
shows equivalent agonistic behavior stimulation for the ini- 
tial CH,Cl, extracts and the enzyme-treated stimulus condi- 
tions. Since the organic and aqueous layers are mutually 
exclusive and exhaustive components of bladder urine, it can 
be inferred that the total chemosensory stimulus complex 
from either (a) nonextracted-enzyme-incubated bladder 
urine or (b) the combination of the pooled CH,Cl, extracts 
and the enzyme-treated aqueous extract would increase ag- 
gressive activity to intact voided urine levels. This assertion 
is a consequence of the idea that the aqueous layer from a 
CH,Cl, extraction of bladder urine contains a chemosignal in 
latent form. 

The difference in efficacy of voided and bladder urinary 
cues may be due to the exposure of voided urine to the 
secondary sexual glands which may (a) supply additional 
chemosignal material [8] and/or (b) activate the bladder urine 
conjugate by 6-glucuronidase activity. This enzyme is found 
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in the kidney, preputial gland and fecal matter of rodents 
[14], whose presence may be indicative of a chemosignal 
time-release mechanism that increases the amount of free 
chemosignal in voided urine. Such a process has been 
suggested in other chemosensory systems [7,25]. 
8-glucuronidase activity has been shown to be androgen 
modulated. After castration, biological activity decreases [2] 
and, conversely, has been shown to increase in androgen- 
treated gonadectomized males [4] and females [4,20]. Thus, 
the lack of aggression-promoting cues in voided urine of cas- 
trated males may represent reduced #-glucuronidase activ- 


ity 


The absence of aggression-promoting cues in castrates 
may also be due to a lack of lipophilic chemosignal synthesis. 
The chemosignal may be a natural androgen metabolite [15] 
or a compound whose synthesis is stimulated by testos- 


793 


terone, both being predominantly in a conjugated form for 
renal clearance. We are currently investigating the presence 
of latent chemosignal activity in voided castrated male urine 
after B-glucuronidase incubation. The lack of behavioral ac- 
tivity would indicate that testosterone modulates two as- 
pects of the chemosensory system: synthesis of lipophilic 
chemosignal and its B-glucuronidase mediated activation. 

There is no present evidence that the free lipophilic 
chemosignal and the aglycone of the conjugated chemosignal 
are chemically identical. Since several studies [16,19] have 
demonstrated the chemical complexity of mammalian 
chemosignals, it is possible that we have purified several 
distinct lipophilic molecules. We are currently investigating 
the structural similarities and differences of the free 
lipophilic molecules and aglycones on the basis of their 
chromatographic properties. 
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PORTER, J. H., J. J. MCDONOUGH AND R. YOUNG. Intraperitoneal preloads of water, but not isotonic saline, 
suppress schedule-induced polydipsia in rats. PHYSIOL. BEHAV. 295) 795-801, 1982.—In Experiment 1, 10 ml intraperi- 
toneal preloads of water completely suppressed the acquisition of schedule-induced polydipsia in four of six rats. Preloads 
of 10 ml of isotonic saline retarded the acquisition of polydipsia slightly, but there were no significant differences in 
asymptotic levels of water intake between Saline Preload and Sham Preload groups. Experiments 2 and 3 demonstrated that 
established polydipsia was suppressed by about 10 ml when 10 ml water preloads were given; whereas, 10 ml saline 
preloads had no significant effect on established polydipsia. These results demonstrate that schedule-induced polydipsia is 


sensitive to internal states of water balance. 


Schedule-induced polydipsia Intraperitoneal preloads 


Homeostatic and nonhomeostatic drinking Rats 





SCHEDULE- induced polydipsia is a well established phe- 
nomenon in the rat and other species of animals [4,5]. When 
a food deprived rat is delivered food pellets intermittently, a 
post-pellet drinking pattern develops in which the rat con- 
sumes large amounts of water. Although various explana- 
tions have been offered for this unusual drinking behavior, 
none are satisfactory. It is known that internal body fluid 
balances exert homeostatic control over water intake under 
most conditions normally encountered by an animal in its 
daily existence. Several previous studies have examined the 
role of internal fluid balances on the regulation of water in- 
take during schedule-induced drinking. Typically this has 
been done by preloading the test animals with fluid to artifi- 
cially manipulate the internal fluid balance of the animals, 
and then examining the effects of this manipulation on 
schedule-induced drinking. 

Falk [4] preloaded polydipsic rats with water and reported 
that there was no significant reduction in session water in- 
takes. Later, Chapman and Richardson [1] reported that 10 
ml water preloads prevented the acquisition of schedule- 
induced polydipsia. However, Chapman and Richardson 
only preloaded the rats for five sessions before discontinuing 
the preload. Cope, Sanger and Blackman [2] replicated 
Chapman and Richardson’s study [1] but continued the 
intragastric preloads of 10 ml of water for a total of 22 test 
sessions. During the first 5 or 6 sessions, the preloaded rats 
did not develop schedule-induced polydipsia (thus replicat- 
ing Chapman and Richardson’s findings); however, by the 
end of the 22 test sessions the preloaded rats had developed 





polydipsia. It is interesting to note that the preloaded rats in 
the Cope et a/. study [2] consumed approximately 10 ml less 
water than the control rats throughout most of the test ses- 
sions. 

Porter, Young, and Moeschl [10] examined the effects of 
10 ml intraperitoneal preloads of either water or isotonic 
saline on established schedule-induced polydipsia in rats. 
The water and saline preloads initially produced a decrease 
in session intake, but the effect was transient and by the end 
of the 12 test sessions the rats had recaptured their previous 
polydipsia water intake levels. Based on these results, Porter 
et al. concluded that schedule-induced polydipsia was a 
nonhomeostatic form of drinking (see [8]). 

While some studies [4,10] have indicated that established 
schedule-induced polydipsia is insensitive to water or saline 
preloads, the Chapman and Richardson [1] and Cope e? al. 
[2] studies suggest that water preloads may retard the acqui- 
sition of polydipsia. Also, Corfield-Sumner and Bond [3] 
have shown that when rats consume large amounts of a glu- 
cose/saccharin solution prior to test sessions the acquisition 
of polydipsia was prevented. The purpose of Experiment | 
was to further explore the effects of preloads on the acquisi- 
tion of schedule-induced polydipsia. Rats were given either a 
10 ml intraperitoneal preload of water, a 10 ml intraperito- 
neal preload of isotonic saline, or a sham preload. As Porter 
et al. [10] have previously noted, the water preloads have 
their primary effect on intracellular drinking mechanisms, 
while the isotonic saline preloads primarily effect extracellu- 
lar drinking mechanisms (see [12]). 


!1This study was presented at the 1979 meeting of the Southeastern Psychological Association in New Orleans, LA. Requests for reprints 
should be addressed to Joseph H. Porter, Department of Psychology, Virginia Commonwealth University, Richmond, VA 23284. 
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EXPERIMENT | 


METHOD 


Animals 


Twenty adult female Sprague Dawley experimentally 
naive rats (mean body weight=308 g) served as subjects. All 
were housed individually in an animal colony room on a 12 
hour light/dark cycle, and were maintained at 80% of their 
free feeding body weights by restricting their daily ration of 
Purina rat chow. Water was always available in the home 
cage. 


Apparatus 


Test sessions were conducted in five Scientific Prototype 
operant conditioning chambers (model A-100) which were 
housed in sound attenuated cubicles. A water bottle was 
mounted behind the intelligence panel on the right side with 
the metal drinking tube recessed slightly behind a 20 mm 
diameter hole. The food magazine was mounted on the left 
side of the intelligence panel. No lever was present. A 
28 V DC houselight and white noise were present during 
each session. Food pellets were 45 mg standard formula 
Noyes pellets. Standard electromechanical programming 
and recording equipment was located in an adjacent room. 
The intraperitoneal preloads were administered with 23 ga 
needles and 5 cc syringes. 


Procedure 


Prior to the experiment all 20 rats were maintained on ad 
lib food and water with daily weighing and handling. After 
stable ad lib feeding body weights were obtained, the rats 
were reduced to 80% of their ad lib feeding body weights 
(based on the mean of the last 3 days of ad lib feeding) by 
adjusting their daily ration of food over a two week period 
and maintained at these weights throughout the study. Water 
remained freely available in the home cage. The subjects 
were randomly assigned to three groups: a Sham Preload 
group (N=6), a Water Preload group (N=7), and an Isotonic 
Saline Preload group (N=7). The Sham Preload group served 
as a control group. The needle was inserted into the intra- 
peritoneal cavity in the same manner as with the Water and 
Saline Preload groups, but no injection was given. The Water 
Preload group was given intraperitoneal preloads of 10 ml of 
tap water at room temperature. The Saline Preload group 
was given intraperitoneal preloads of 0.9% saline solution at 
room temperature. All injections were given with a 5 cc 
syringe; therefore each 10 ml preload required two injec- 
tions. The Sham Preload group received two sham injections 
per session. Injections for all subjects were given 10-15 
minutes prior to testing sessions. Although previous preload- 
ing studies [10,13] allowed 25-30 min between preloading 
and the beginning of testing sessions, in the present study a 
shorter delay was used since observations in our laboratory 
[10] have found that preloaded rats frequently excreted large 
amounts of urine 25—30 min after being preloaded. It was felt 
that a more accurate measure of the preload effects would be 
seen during testing sessions if the rats were tested as soon as 
possible after the preloads were given. During the 10-15 min 
interval between preloading and test sessions the animals 
were placed in the home cage (without food or water availa- 
ble) and observed to insure that they suffered no debilitating 
effects as a result of the preloading. 

Initially, three daily massed-feeding baseline measures of 


PORTER, MCDONOUGH AND YOUNG 


- 

SHAM PRELOAD xx 
1Om! WATER PRELOAD O——O 
tm IOmi SALINE PRELOAD @—® 


x 
x _ 
a ay 


x 


MEAN WATER INTAKE (mi) PER SESSION 





= SS a ee 
oO uw 2 13 14 6 1 I7 18 


BLOCKS OF TWO SESSIONS 





FIG. 1. Mean session water intakes (ml) for the Sham Preload, 
Water Preload, and Isotonic Saline Preload groups during the 
massed-feeding Baseline (mean of three sessions) and the FT 1-min 
polydipsia test sessions (blocks of two sessions) in Experiment 1. 


water consumption were obtained. During Baseline sessions 
60 food pellets were placed in the food magazine at the be- 
ginning of the session. The rat was then placed in the operant 
chamber and allowed to feed and drink freely. At the end of 
each 60 minute session water intake was measured. This 
allowed baseline measures of water intake in response to 60 
food pellets to be determined. Next, 60-minute test sessions 
were conducted for 36 days in which food pellets were deliv- 
ered independently of the rat’s behavior according to a 
fixed-time (FT) 1-min schedule. Sessions terminated with 
delivery of the 60th food pellet. In all but a very few test 
sessions all 60 pellets delivered were consumed by the 
animals. In the few instances when all the pellets were not 
consumed the data for that test session were not included in 
the analysis. Water intake during all test sessions were de- 
termined by weighing the water bottle before and after each 
session (1 g=1 ml). Following each session, each animal was 
returned to its home cage and given its daily ration of lab 
chow. No preloads were given during Baseline sessions. 


RESULTS AND DISCUSSION 


During the course of the study three of the animals be- 
came ill and were removed from the study. One animal in the 
Water Preload group was removed from the study before any 
data on its drinking behavior was obtained. Two animals 
were removed from the Isotonic Saline group, one on the 
eighth day and one on the twenty-second day of FT 1I-min 
testing sessions. At the time they were removed both 
animals were drinking amounts similar to that of the animals 
remaining in the group. Therefore the data used for analysis 
were obtained from 17 subjects (Sham N=6, Water N=6, 
Saline N=5). Figure 1 presents mean water intakes in mil- 
liliters (ml) for the Sham Preload, Water Preload, and Saline 
Preload groups during Baseline and FT 1-min testing condi- 
tions. Water intakes for the FT 1-min sessions are plotted in 
blocks of two sessions. During the massed-feeding Baseline 
all three groups consumed almost identical amounts of water 
with the mean water intake for all animals equalling 2.7 ml. 
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TABLE | 


MEAN WATER INTAKES (ml) FOR THE LAST SIX SESSIONS OF POLYDIPSIA 
TRAINING FOR EACH TREATMENT GROUP IN EXPERIMENT | 





Sham Preload 


Animal H,O intake Animal 


Saline Preload 
H,O intake 


Water Preload 


Animal H.O intake 





R-5 16.8 R-3 

R-9 29.8 R-4 

R-10 21.6 R-8 

R-11 25 R-14 
R-17 31.5 R-16 
R-18 28.8 

Mean 25.7 


18.4 
29.4 
23.7 
13.7 
26.0 





The Sham Preload group clearly developed schedule- 
induced polydipsia faster and maintained a higher level of 
water intake than did the Water or Saline Preload groups, 
although the Saline Preload group’s water intake was very 
similar to the Sham Preload group’s water intake by the end 
of the 36 sessions. The Water Preload group consistently 
drank less water than either the Sham or Saline Preload 
groups. 

In order to examine the effects of the preloads on the 
acquisition of schedule-induced polydipsia, a 3x7 ANOVA 
(repeated measures on session intakes) was performed on 
mean water intakes for each of the three groups. For this 


analysis water intake measures during polydipsia sessions 
were obtained for blocks of six sessions; thus, Baseline 
water intakes were compared to the means of six blocks over 
the 36 days of FT I-min testing. The ANOVA revealed a 


significant difference between groups, F(2,14)=10.89, 
p<0.05, as well as a significant difference across sessions, 
F(6,84)= 25.88, p<0.05, and a significant group by sessions 
interaction, F(12,84)=4.91, p<0.05. Tukey post hoc com- 
parisons showed that the Sham Preload group’s water intake 
rose significantly (»<0.05) above Baseline intake by day six 
of FT 1-min testing. The Saline Preload group’s water intake 
did not increase significantly above Baseline intake until day 
18 of FT 1-min testing. Water intake for the Water Preload 
group during FT |-min testing never increased significantly 
above Baseline intake. 

Since the ANOVA also revealed a significant between- 
groups effect for water intakes, Tukey tests were also per- 
formed to determine when over the 36 days of FT I-min 
testing significant differences in water intakes between the 
three groups appeared. This analysis indicated that during 
Baseline conditions there were no significant differences in 
water intake between the Saline Preload, Water Preload and 
Sham Preload groups. By day six of FT |I-min testing, the 
Sham Preload group was drinking significantly more water 
than the Saline or Water Preload groups, indicating that the 
preloads were suppressing the acquisition of schedule- 
induced polydipsia in those two groups. The relatively low 
intake levels for the Saline and Water Preload groups did not 
significantly differ. By day 18 of FT 1-min testing water in- 
take for the Saline Preload group increased significantly 
above intake for the Water Preload group, indicating that the 
water preloads were more effective in suppressing the ac- 
quisition of schedule-induced polydipsia. From day 18 to day 


30 of FT 1-min testing the Saline Preload group drank signifi- 
cantly more water than the Water Preload group, although 
still drinking significantly less than the Sham Preload group. 
However, by day 36 of FT |-min testing no significant differ- 
ence in water intakes remained between the Saline Preload 
group and the Sham Preload group. Thus, by day 36 the 
group given preloads of isotonic saline was drinking essen- 
tially the same amount of water as the group given only sham 
preloads; both groups had clearly developed schedule- 
induced polydipsia. The Water Preload group continued to 
drink significantly less than the Saline and Sham Preload 
groups. 

Examination of individual animals’s drinking data pre- 
sented in Table | shows that the increase in water intake 
during polydipsia sessions for the Water Preload group could 
be attributed exclusively to the drinking displayed by rats 
R-12 and R-15. Four of the six animals in the Water Preload 
group never developed schedule-induced polydipsia and 
never showed any increase in drinking during the FT 1|-min 
session over drinking during the massed-feeding Baseline 
session. These results clearly demonstrated that intraperito- 
neal water preloads prevented the acquisition of schedule- 
induced polydipsia in four of six animals in the Water Pre- 
load group; whereas, all of the rats in the Saline Preload 
group acquired polydipsia (although the acquisition was 
somewhat retarded). This would suggest that manipulation 
of intracellular drinking mechanisms (i.e., water preloads) 
can suppress the acquisition of schedule-induced polydipsia, 
but that manipulation of extracellular drinking mechanisms 
(i.e., isotonic saline preloads), while retarding the acquisi- 
tion of polydipsia slightly, does not affect final asymptotic 
levels of water intake. In Experiment 2, all rats were given 
sham preloads in order to determine whether or not all of the 
rats in the Water Preload group would acquire schedule- 
induced polydipsia. Then, the original preload conditions 
were reinstated for each group to see if the results of Exper- 
iment | could be replicated with established polydipsia. 


EXPERIMENT 2 


METHOD 
Animals and Apparatus 


The 17 rats used in Experiment | served as subjects. All 
were housed individually under the same conditions and 
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maintained at 80% of ad lib feeding body weight. The appara- 
tus was the same as in Experiment 1. 


Procedure 


The rats used in Experiment | were retained in their orig- 
inal groups in this experiment: Sham Preload (N=6), Water 
Preload (N=6), and Isotonic Saline Preload (N=5). Each 
group was tested under two conditions: a Sham Injection 
condition, in which all three groups received sham injections 
by inserting the needle in the intraperitoneal cavity, but 
without any preload being given; and a Preload Injection 
condition, in which the Sham Preload group received sham 
injections, the Water Preload group received 10 ml water 
preloads, and the Saline Preload group received 10 ml 
isotonic saline preloads. Preloads were given in the same 
manner as described in Experiment |. All three groups were 
tested under sham preload conditions and actual preload in- 
jection conditions while on a FT 1-min schedule in daily 
sessions, and water intake measures for all groups under 
both conditions were taken in the same manner as described 
in Experiment |. Each group was tested daily using the sham 
injections for 18 days, followed by 10 days of testing using 
actual preload injections for the water and saline groups. 
Test sessions lasted 60-min. 


RESULTS AND DISCUSSION 


Figure 2 presents mean water intakes for the Sham Pre- 
load, Water Preload, and Saline Preload groups under the 
Sham Injection condition and under Preload Injection condi- 
tions. Mean water intakes are plotted in blocks of two ses- 
sions. The Sham Preload and the Saline Preload groups 
maintained a relatively high level of water intake during the 
Sham Preload condition and when preload injections were 
reinstated. The Water Preload group showed a fairly rapid 
increase in water intake during Sham Preload conditions (as 
compared to asymtotic levels in Exp. 1) and a subsequent 
decrease in water intake when the preload injections were 
reinstated. A 2x3 ANOVA (repeated measures on the injec- 
tion conditions) was performed on the last 6 sessions of each 
injection condition (see Table 2). There was a significant 
difference in mean water intakes between the Sham Injection 
condition and the Preload Injection condition, F(1,14)=30.5, 
p<0.05, but no significant differences between groups, 
F(2,14)=3.09, p>0.05. The interaction was not significant, 
F(2,14)=2.42, p>0.05. 

Duncan's multiple range tests showed that the amount of 
water drunk by the Water Preload group and the Saline Pre- 
load group was significantly less in the Preload Injection 
condition than in the Sham Injection condition (p<0.05). As 
expected, no significant difference in drinking was found for 
the Sham Preload group between the two injection condi- 
tions. It should be noted that while the Saline Preload group 
showed a significant decrease in water intake when switched 
from the sham to the preload injection conditions, its water 
intake during the Preload Injection condition was rising 
toward the drinking level seen under the Sham Injection 
condition. This indicated that the difference in the Saline 
Preload group’s intake between sham and preload injection 
conditions may have disappeared within several more ses- 
sions had the experiment continued. As in Experiment 1, the 
Water Preload group drank less water throughout both con- 
ditions of the experiment than either the Sham Preload group 
or the Saline Preload group. The difference, though consis- 
tent, was not statistically significant. It should be noted, 
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FIG. 2. Mean session water intakes (ml) for the Sham Preload, 
Water Preload, and Isotonic Saline Preload groups during Sham 
Injection conditions and during Preload Injection conditions in Ex- 
periment 2. The data are grouped in blocks of two sessions. 


however, that the Water Preload group showed a consis- 
tently decreasing level of drinking after being switched from 
the sham to the preload injection conditions. This suggests 
that water intakes might have decreased even further had the 
experiment continued for several more sessions. The sug- 
gestion that drinking would have decreased further is sup- 
ported by the observation that the Water Preload group’s 
drinking level during preload injection conditions in Experi- 
ment | was less than its still decreasing drinking level under 
the same preload injection conditions at the end of this ex- 
periment. If this decrease in drinking level continued for 
several more sessions, a significant difference for the be- 
tween group comparisons might have been found, indicating 
that the drinking level for the Water Preload group during the 
preload injection conditions was significantly less than the 
drinking level of the Sham Preload and Isotonic Saline Pre- 
load groups. Such a significant difference was found in Ex- 
periment 1. Examination of individual animal data (Table 2) 
in the Water Preload group shows that four of the six rats 
displayed polydipsic levels of drinking under the Sham In- 
jection condition (as compared to only two rats in Experi- 
ment 1). Thus, two rats (R-1 and R-13) never acquired 
schedule-induced polydipsia, even though they were tested 
for a total of 54 sessions on the FT 1-min food schedule. 
Also, there was no significant difference between the Saline 
Preload and Sham Preload groups. 

These results demonstrate that when rats with established 
schedule-induced polydipsia are given intraperitoneal pre- 
loads, a significant reduction in drinking results. Rats given 
preloads of water showed a steady and significant decrease 
in drinking levels; whereas, rats given preloads of isotonic 
saline showed an initial significant decrease in drinking 
levels followed by a steady increase in drinking approaching 
polydipsic levels once again. Although significant differ- 
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TABLE 2 


MEAN WATER INTAKES (ml) FOR EACH TREATMENT GROUP FOR THE LAST SIX SESSIONS OF THE SHAM INJECTION 
CONDITION AND THE PRELOAD INJECTION CONDITIONS IN EXPERIMENT 2 





Water Preload Group 


Sham Preload 
Injection Injection 


Saline Preload Group 


Sham Preload 
Injection Injection 


Sham Preload Group 


Sham 
Injection 


Preload 


Animal Injection Animal Animal 





R-5 ‘ 19.2 R-3 31.2 17.8 - 2.8 
R-9 30. 26.4 R-4 34.3 24.5 6.3 
R-10 31. 27.0 R-8 28.7 24.6 27.4 
R-11 ka Be 30.2 R-14 25.9 27.2 “1: ‘ 2.4 
R-17 30. 22.4 R-16 34.6 29.4 -15 11.2 


R-18 J 24.9 


Mean ; 25.0 30.9 


19.2 
24.7 11.6 





ences were not found between the Water Preload group and 
the Sham and Isotonic Saline preload groups during preload 
injection conditions (as were found in Experiment 1), it ap- 
pears that such a difference would have been found had test- 
ing continued. 

One difference in the present study and the studies by 
Falk [4] and Porter ef al. [10] is that the rats in Experiment 2 
of the present study experienced preloads during the acqui- 
sition of polydipsia (Experiment 1) prior to being tested with 
established polydipsia (Experiment 2). In the Falk and Porter 
et al. studies the rats did not experience preloads during the 
acquisition of polydipsia. In order to access the effects of 
previous exposure to water or saline preloads, Experiment 3 
was conducted with the rats from the Sham Preload group 
only, since these rats had no prior exposure to water or 
saline preloads (only sham injections). As in Experiments | 
and 2, both water and isotonic saline preloads were com- 
pared to sham preloads. 


EXPERIMENT 3 


METHOD 


Animals and Apparatus 


The five rats that served in the Sham Preload group in 
Experiments | and 2 served as subjects. All were housed 
individually under the same conditions as in Experiments | 
and 2, and were maintained at 80% ad lib feeding body 


weight. The apparatus was the same as in Experiments | and 
9 


“~- 


Procedure 


All subjects were tested under four conditions: a Sham 
Preload condition, in which the needle was inserted in the 
intraperitoneal cavity but no injection was given; a Water 
Preload condition, in which 10 ml water preloads were given 
as described in Experiment 1; a second Sham Preload condi- 
tion identical to the first; and a Saline Preload condition, in 
which 10 ml isotonic saline preloads were given. In all four 
conditions animals were tested daily for 60-min sessions on a 
FT 1-min schedule identical to that used in Experiments | 
and 2. Testing under each condition was conducted daily for 
10 days. Measures of water intake for all sessions were taken 
in the same manner as described in Experiment 1. 
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FIG. 3. Mean session water intakes (ml) for the rats from the Sham 
Preload group under Sham, Water, and Isotonic Saline Preload 
conditions in Experiment 3. The data are grouped in blocks of two 
sessions. 


RESULTS AND DISCUSSION 


Figure 3 presents mean water intakes in milliliters for the 
four test conditions. Intake is plotted in blocks of two ses- 
sions. Drinking during the initial Sham Preload condition 
began at a high level since the animals had established 
schedule-induced polydipsia in Experiments | and 2. A sharp 
decrease in water intake was seen when the animals were 
switched to the Water Preload condition. When the animals 
were switched back to the Sham Preload condition water 
intake once again rose. When switched to the fourth condi- 
tion (Saline Preload condition) drinking again declined ini- 
tially, but then rose rapidly. When the Saline Preload condi- 
tion terminated, the animals were drinking an almost identi- 
cal amount to that drunk in the previous Sham Preload con- 
dition. 

A treatment-by-subjects ANOVA (repeated measures) on 
the mean water intakes of the last six sessions of each condi- 
tion revealed a significant difference in water intakes across 
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the injection conditions, F(3,12)=8.2, p<0.05. Duncan’s 
multiple range tests showed that the rats drank significantly 
less water under the Water Preload condition than they did in 
the Saline Preload condition and in both Sham Preload con- 
ditions (p<0.05). No significant differences were found be- 
tween the Saline Preload condition and the Sham Preload 
conditions. 

These results replicated Experiments | and 2 in that the 
water preloads suppressed schedule induced polydipsia; 
whereas, the isotonic saline preloads did not. However, 
these findings contradict previous studies by Falk [4] and 
Porter et al. [10] who found no suppression of established 
schedule-induced polydipsia with either water or saline pre- 
loads. 


GENERAL DISCUSSION 


In Experiment 1, 10 ml intraperitoneal preloads of water 
completely suppressed the acquisition of schedule-induced 
polydipsia in four of six rats. In Experiments 2 and 3 the 
water preloads also suppressed established polydipsia by 
approximately 10 ml (which was the amount of the preload). 
The isotonic saline preloads did retard the acquisition of 
polydipsia slightly (see Fig. 1), but by the end of the 36 ses- 
sions on the FT 1-min food schedule there were no signifi- 
cant differences in water intakes between the Saline Preload 
and Sham Preload groups. Similarly, saline preloads did not 
suppress polydipsia once it was established, although there 
was a brief transient decrease when the preloads were first 
introduced (Experiments 2 and 3). 

These results contradict previous studies by Falk [4] and 
Porter et al. [10] in which water and saline preloads were 
reported to have no significant effect on schedule-induced 
polydipsia. There are several procedural differences be- 
tween the present study and Falk’s study. The most obvious 
is the route of the preload administration. Falk used 
intragastric preloads of water, whereas intraperitoneal pre- 
loads were used in the present study. However, this differ- 
ence would seem to be relatively unimportant, since Porter 
et al. [10] also used intraperitoneal preloads. Second, Falk 
used test sessions approximately three hours long, as com- 
pared to one hour sessions in this study, and any effects of 
the preloads may have been masked by such long sessions. 
Finally, it must be noted that Falk only presented data from 
two rats and, therefore, his results could be biased by such a 
small sample size. 

Porter ef al. [10] investigated established polydipsia and 
reported only a brief, transient effect from 10 ml preloads of 
water or saline. Experiment | of the present study demon- 
strated that water preloads (but not saline) suppressed the 
acquisition of polydipsia. Thus, intraperitoneal water pre- 
loads would appear to have a differential effect on acquisi- 
tion or maintenance of schedule-induced polydipsia. The re- 
sults of Experiments 2 and 3 are more difficult to reconcile 
with the previous study by Porter et al. One obvious factor is 
that the rats in the present study had a different preload 
history prior to being tested during established polydipsia. 
Also, there were procedural differences in the number and 
order of preload injections which might account for the dis- 
crepant results. 

The results of Experiment 1 do agree with Corfield- 
Sumner and Bond’s [3] finding that preloads can prevent the 
acquisition of schedule-induced polydipsia. However, they 
used a glucose/saccharin solution to preload the rats in which 
approximately 30-35 ml was consumed voluntarily by the 
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rats prior to the polydipsia sessions. Corfield-Sumner and 
Bond suggested that previous failures to suppress schedule- 
induced polydipsia might be due to insufficiently large pre- 
loads. In the present study (Experiment 1) two rats in the 
Water Preload group did acquire polydipsia. Larger water 
preloads might have prevented the development of polydip- 
sia in these two rats also. 

Corfield-Sumner and Bond also found that established 
polydipsia could be completely suppressed by preloading 
with the glucose/saccharin solution. In Experiments 2 and 3 
the water preloads suppressed polydipsic drinking by ap- 
proximately 10 ml, which was the amount preloaded. Cope 
et al. [2] also used 10 ml preloads of water and found that 
water intake in the preload group was about 10 ml less than 
that in the control group. If larger preloads had been used in 
the present study and in the Cope et al. study, the polydipsia 
might have been suppressed completely, as it was in the 
Corfield-Sumner and Bond [3] study. More interesting, how- 
ever, is that the polydipsic drinking was reduced by the same 
amount that was preloaded. This would suggest that volume 
intake of water is being regulated during schedule-induced 
polydipsia. This suggestion has been supported by findings 
from Freed and Mendelson [6] and Porter [9] who have 
shown that rats regulate water-intake volume during 
polydipsia sessions when the rate of water ingestion is ma- 
nipulated. 

If water-intake volume is being regulated during polydip- 
sia sessions, what is the mechanism responsible for this? 
Kissileff [8] has suggested that schedule-induced polydipsia 
is controlled by nonhomeostatic drinking mechanisms. He 
defines nonhomeostatic controls of drinking as “‘those vari- 
ables which either are insensitive to imbalances in the body 
water or operate heedless of the state of body water’ 
(p. 164). In contrast, homeostatic controls of drinking are 
‘those variables which operate to initiate, terminate, or 
change the rate of drinking in response to change in the 
cellular or extracellular fluid compartments . . . so that any 
disturbance in these compartments is relieved”’ (p. 164). 
While previous studies [4,10] have tended to support Kis- 
sileff s [8] suggestion, the suppression of polydipsia with pre- 
loads in the Cope et al. [2] and Corfield-Sumner and Bond’s 
[3] studies and in the present study argue against this con- 
clusion. These data indicate that schedule-induced polydip- 
sia is sensitive to internal states of water balance. and that 
polydipsia cannot be appropriately classified as nonhome- 
ostatic as defined by Kissileff [8]. 

The differential effects of water and saline preloads in 
Experiment | indicate that manipulation of cellular mech- 
anisms has more effect on the acquisition of polydipsia than 
does manipulation of extracellular mechanisms. However, 
more research will be necessary in order to determine how 
reliable this effect is. Also, caution must be exercised before 
concluding that cellular thirst mechanisms directly control 
schedule-induced polydipsia. Data by Stricker and Adair [11] 
and Kenny, Wright and Reynolds [17] clearly argue against 
the importance of internal water balances in the normal ac- 
quisition and maintenance of schedule-induced polydipsia. 
Stricker and Adair found that polydipsia rats were overhy- 
drated and that body fluids were diluted, yet the rats contin- 
ued to drink excessive amounts of water. Stricker and Adair 
concluded that *‘Drinking under these conditions is opposed 
to the usual homeostatic role of fluid intake in the regulation 
of body fluid balance and is difficult to explain. . . . It is 
apparent from these data that schedule-induced polydipsia is 
not generally mediated by normal mechanisms of body fluid 
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balance regulation’’ (p. 451). They further suggest that 
postprandial effects are probably important in the develop- 
ment and maintenance of schedule-induced polydipsia. 
Kenney ef al. [7] also argue that schedule-induced 
polydipsia is controlled by oropharynged factors rather than 
by hydration controls. They found that gastric preloads of 
water immediately after each pellet delivery failed to elimi- 
nate the polydipsia, whereas oral infusions of water after 
each pellet completely abolished drinking. It should be 
noted, however, that the gastric preloads did produce a sig- 
nificant decrease in the amount of polydipsic drinking. Con- 
trary to the findings of Stricker and Adair [11], Kenny ez al. 
found that plasma volume, osmolality, and sodium remained 
normal throughout polydipsia sessions. While these two 
studies may contradict each other since one found over- 
hydration and the other normal hydration, both still support 
the general idea that internal fluid balance doesn’t mediate 
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schedule-induced polydipsia. One would assume that the 
homeostatic mechanism necessary to produce polydipsia 
would have to be dehydration (either cellular or extracellu- 
lar). This clearly is not the case. 

An obvious possibility that must be examined is that the 
water preloads in Experiment | affected cellular thirst mech- 
anisms which somehow interfered with the mechanism(s) 
which controls the acquisition of schedule-induced polydip- 
sia. Thus, there could be separate, distinct mechanisms con- 
trolling cellular drinking and schedule-induced drinking 
which could interact, and one system might be able to influ- 
ence or override the other under appropriate conditions. 
Another way to explore this possibility would be to use cellu- 
lar or extracellular thirst challenges (hypertonic saline and 
polyethylene glycol, respectively) and to assess their effects 
on schedule-induced drinking. 
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DIBATTISTA, D. Effects of 5-thioglucose on feeding and glycemia in the hamster. PHYSIOL. BEHAV. 25) 803-806, 
1982.—Adult male hamsters (Mesocricetus auratus) did not increase their food consumption in a 5 hr feeding test when 
injected with doses of 5-thioglucose (5-TG) ranging up to 500 mg/kg, although insulin (SO U/kg) did produce hyperphagia. 
However, 5-TG did produce significant increases in both plasma glucose and plasma free fatty acids. Thus the hamster's 
failure to eat in response to 5-TG administration cannot be ascribed to a simple failure to detect the metabolic consequences 
of 5-TG. Hypotheses are proposed which may account not only for the hamster’s failure to eat in response to 5-TG, but also 
for other well-established peculiarities in the feeding behavior of hamsters. 


Hamster Food intake 5-Thioglucose 





SEVERAL investigators have reported important and con- 
sistent peculiarities in the feeding behaviour of hamsters. 
For example, hamsters do not increase their food consump- 
tion following a period of food deprivation, and do not regain 
all of the lost weight even after an extended period of ad lib 
refeeding [18]. Hamsters also do not eat in response to the 
glucose analog 2-deoxyglucose (2-DG) [13, 15, 16, 17], a 
substance which causes increased food intake in a wide 
variety of mammals, including mice [10], rabbits [7], rats 
[17], monkeys [19], sheep and goats [6]. 

The physiological and metabolic bases for these be- 
havioural peculiarities of hamsters are unclear. Silverman 
[17] has suggested that the hamster feeding system is simply 
not programmed to respond to the metabolic consequences 
of food deprivation and 2-DG administration. However, it is 
clear that the feeding system of the hamster is not totally 
unresponsive to external manipulation. Rowland [15] has 
shown that chronic daily injections of protamine zinc insulin 
cause hamsters to become hyperphagic and to gain weight 
more rapidly than normal. In the acute situation, it was ob- 
served that an injection of regular insulin caused an increase 
in food consumption in hamsters [15], although this increase 
was both delayed and modest compared to that typically 
observed in insulin-injected rats [1]. 

Because insulin does increase hamster food consumption, 
it is reasonable to suspect that other substances and/or cir- 
cumstances exist which may also influence the eating be- 
haviour of hamsters. In view of the peculiarities in hamster 
eating behaviour as compared to other species, it is of 
theoretical importance to examine in detail the control of 
food intake in the hamster. One aspect of such an examina- 
tion involves the administration to hamsters of substances 
which have been shown to elicit eating in animals of other 
species. One such substance which has recently been shown 
to cause hyperphagia in rats is 5-thioglucose (5-TG). This 
glucose analog causes increases in food intake at about 25% 


of the molar dose of 2-DG required to produce a similar 
degree of hyperphagia [14]. In addition, 5-TG produces 
marked increases in plasma glucose (PG) [5,14] and plasma 
free fatty acids (PFFA) [5]. Although these behavioural and 
physiological effects of 5-TG are similar to the effects of 
2-DG in the rat [2, 4, 17], the biochemical effects of 5-TG 
differ markedly from those of 2-DG [14]. Because of these 
underlying biochemical differences, an investigation of the 
behavioural and physiological effects of 5-TG in the hamster 
is appropriate. In this paper, it is demonstrated that adminis- 
tration of 5-TG to hamsters causes marked increases in PG 
and PFFA, but that food intake is unaffected by injection of 
5-TG in doses ranging up to 500 mg/kg. 


METHOD 

Subjects 

Forty-five adult (80-100 g) male golden hamsters 
(Mesocricetus auratus) were obtained from High Oak 
Ranch, Goodwood, Ontario. The animals were housed indi- 
vidually in hanging wire cages in a room with lights on from 
0800-2200 hr. Room temperature was 21—24°C. Master Lab- 
oratory Chow (Master Feeds, Baden, Ontario) was available 
at all times, except as noted below. 


Experiment 1 


Food intake. Seven injections were administered in a 
counterbalanced order to each of fifteen hamsters. Each in- 
jection was followed by a five-hour feeding test, with at least 
three days between feeding tests. 5-TG was injected in doses 
of 100, 200, 300, 400 and 500 mg/kg. Doses up to 300 mg/kg 
were made up in sterile water in a concentration of 50 mg/ml, 
with higher doses in a concentration of 100 mg/ml. Each 
animal also received a control injection of 0.9% saline 
equivalent in volume to the 300 mg/kg dose of 5-TG. The 
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remaining injection was of 50 units/kg of regular insulin (In- 
sulin Toronto; Connaught Laboratories, Toronto), made 
equivalent in volume to the 300 mg/kg injection of 5-TG by 
the addition of 0.9% saline. All injections were administered 
subcutaneously. 

Each feeding test was conducted over a five-hour period, 
starting at approximately 1000 hr. At the beginning of the 
test, food was removed from the animal’s cage. The hamster 
was weighed and injected with one of the substances de- 
scribed above and returned to the home cage. A single pre- 
weighed food pellet was then placed in the cage, and the 
hamster was left undisturbed. The pellet, plus spillage, was 
reweighed to the nearest 0.01 g at +1, +2 and +5 hr follow- 
ing the injection, with care being taken to minimize distur- 
bance of the animal. 


Experiment 2 


Blood sampling. Blood samples (0.25 ml) for PG and 
PFFA analysis were obtained by the cardiac puncture tech- 
nique under brief, light halothane anesthesia. A total of thirty 
hamsters were injected subcutaneously on one occasion only 
with either 0.9% saline, 5-TG (100, 300 or 500 mg/kg) or 
insulin (50 units/kg). A baseline blood sample was taken im- 
mediately before the injection, and further samples were 
taken at +1 and +3 hr following the injection. No food was 
available during the blood sampling procedure. Blood sam- 
ples were immediately centrifuged, and the plasma was 
drawn off and frozen for subsequent analysis. PG was as- 
sayed by the glucose oxidase technique [8], and PFFA was 
determined colorimetrically [9]. 


RESULTS 
Experiment 1 


A two-way analysis of variance of the food intake data 
indicates that there was a significant Intervals x Groups 
interaction, with F(12,168)=2.07, p<0.05. The total food 
consumption for the various groups was examined using 
Dunnett’s test [11]. This test indicates that none of the five 
doses of 5-TG caused a significant change in total food con- 
sumption as compared to the control group. On the other 
hand, injection of insulin produced total food consumption 
which was significantly greater than that of the saline- 
injected control group (p<0.05). The total food intake data 
for the various groups is summarized in Fig. 1. 

Tukey tests [11] were also performed to determine 
whether the pattern of food intake differed among the var- 
ious treatment groups within the five-hour feeding test. 
These tests indicated that the food consumption of 5- 
TG-injected hamsters did not differ significantly from that of 
saline-injected hamsters during any interval of the feeding 
test, regardless of the dose of 5-TG administered. In con- 
trast, insulin-injected hamsters ate significantly more food 
than saline-injected hamsters during the final three hours of 
the feeding test (1.23 g vs 0.92 g; p<0.05), but not during 
either of the first two hours of the feeding test. 


Experiment 2 


Results of the PG and PFFA analyses are summarized in 
Tables 1 and 2, respectively. A two-way analysis of variance 
of the PG data indicates a significant Time x Dose interac- 
tion, with F(8,50)=27.7, p<0.001. The Tukey test indicates 
that 5-TG produced a significant (p<0.01) hyperglycemia at 
all doses and times tested, with little change occurring in PG 
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FIG. 1. Food intake after injection of 5-TG. Each column represents 
mean+SEM for 15 hamsters. *Indicates significant difference from 
saline injected control group (p<0.05). 


values between +1 and +3 hr. Injections of insulin produced 
a significant (p<0.01) hypoglycemia, which was most ex- 
treme at +3 hr. Despite the 50% reduction in PG values, no 
overt signs of distress (e.g., coma, ataxia) were observed. 

An analysis of variance of the PFFA data reveals a signif- 
icant Time X Dose interaction with F(8,50)=23.7, p<0.001). 
The Tukey test indicates that 5-TG caused a significant 
(p <0.01) increase in PFFA at all doses tested, with the in- 
creases of greatest magnitude occurring in the groups receiv- 
ing the largest doses. Insulin injection produced a significant 
(p<0.01) reduction in PFFA at +3 hr. 


DISCUSSION 


The results of Experiment | indicate that 5-TG does not 
increase food consumption in hamsters at doses up to 500 
mg/kg. This is in marked contrast to the result previously 
obtained in rats, in which food intake increases linearly for 
doses between 60 and 240 mg/kg [14]. Indeed the highest 
dose of 5-TG used in Experiment | (500 mg/kg) is apparently 
greater than the optimum dose for rats. A similar high dose 
of 5-TG produces a lesser increase in food intake in rats than 
do lower doses, perhaps due to neurological depression [14]. 
In contrast, the various doses of 5-TG neither raised nor 
lowered food intake in hamsters, nor were there any obvious 
signs of neurological depression, such as ataxia or reduced 
mobility, even at the highest doses. 

The failure of 5-TG to cause increases in food consump- 
tion cannot be attributed to peculiarities of experimental 
technique, because insulin administration did produce a sig- 
nificant increase in food intake. The long response latency 
and the modest increase in food intake in response to insulin 
corroborates previous observations in hamsters [15]. Rats, in 
contrast to hamsters, typically begin to overeat within the 
first hour after insulin administration, and eat considerably 
more than hamsters in proportion to body weight [1]. It has 
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TABLE | 
EFFECT OF S-TG AND INSULIN ON PLASMA GLUCOSE 





Treatment 


Time after injection (hr) 





156.8 + 6.3 
157.7 + 14.2 
1$1.7+ 7.1 
158.0+ 8.8 
140.8 + 11.3 


Saline 

5-TG (100 mg/kg) 
5-TG (300 mg/kg) 
5-TG (500 mg/kg) 
Insulin (50 U/kg) 


4.7 eo 835 
22.6* + 26.8* 
12.0* 15.3* 
9.3" 14.6* 
10.2* 64.8 5.8* 


153.7 
269.3 
289.2 
328.8 

78.0 


I+ 


I+ It It I+ 





Values are Mean + SEM, expressed in mg/100 ml; N=6 for each treatment 


group. 


*Significantly different (><0.01) from Time 0 value for the treatment group 


(Tukey test). 


TABLE 2 
EFFECTS OF 5-TG AND INSULIN ON PLASMA FREE FATTY ACID 





Treatment 


Time after injection (hr) 


l 





Saline + 0.12 
5-TG (100 mg/kg) 3 + 0.06 
5-TG (300 mg/kg) .20 + 0.10 
5-TG (500 mg/kg) .36 + 0.12 
Insulin (50 U/kg) + 0.10 


1.19 + 0.11 1.24 + 0.10 
1.41 + 0.07 1.70 + 0.10* 
1.59 + 0.10 1.94 + 0.14* 
2.12 = 0.17" 2.73 + 0.22* 
1.25 + 0.05 0.92 + 0.07* 





Values are Mean + SEM, expressed in mEq/l; N=6 for each treatment group. 
*Significantly different (p><0.01) from Time 0 value for the treatment group 


(Tukey test). 


been suggested [15] that the hamster’s relative behavioural 
(feeding) insensitivity to insulin may be related to the fact 
that hamster adipose tissue in vitro is far less sensitive than 
rat adipose tissue to the lipogenic effects of insulin [3]. How- 
ever, insulin injections similar to those administered in Ex- 
periment 2 (50 units/kg; subcutaneous injection) produce 
similar decrements in PG and PFFA in both intact rats and 
hamsters (DiBattista, unpublished observations). Thus, al- 
though the physiological effects of insulin are similar in in- 
tact hamsters and rats, hamsters nevertheless show only 
moderate and delayed feeding in response to insulin. 

It is also of interest that 5-TG causes marked increases in 
both PG and PFFA. In this respect, the physiological effects 
of 5-TG administration in the hamster are similar to those 
seen in the rat [5,14], the only other species studied to date. 
Thus the hamster is capable of making physiological re- 
sponses to 5-TG administration, and the hamster’s failure to 
increase food intake cannot be ascribed to a simple failure to 
detect the metabolic consequences of 5-TG. Rather it is clear 
that, for whatever reasons, hamsters make physiological re- 
sponses to 5-TG without making the corresponding be- 
havioural responses that rats do [14]. In addition, the ham- 
ster’s pattern of producing a physiological response in the 
absence of a behavioural response is similar whether the 
stimulus is 5-TG (Experiments 1 and 2) or 2-DG [13,15]. This 
similarity exists despite the fact that 5-TG and 2-DG have 


very different biochemical mechanisms underlying their var- 
ious effects [14]. 

The present experiments underscore the fact that there 
are important peculiarities in the hamster’s regulation of 
food intake. In contrast to most other mammals, hamsters do 
not increase their food consumption in response to food 
deprivation [18], 2-DG [13, 15, 16, 17], or 5-TG (cf. Experi- 
ment 1). Although the origin of these behavioural 
peculiarities of hamsters remains unclear, two mutually 
compatible hypotheses may be proposed. First of all, the 
hamster may not overeat in response to fasting, 2-DG and 
5-TG because an efficient mechanism of gluconeogenesis 
prevents the animal from experiencing a degree of glucopri- 
vation sufficient to trigger a feeding response. In this regard, 
it is noteworthy that hamsters remain normoglycemic during 
a 36-hr fast [20], while the PG of rats, for example, declines 
significantly even within the first three hours of food depri- 
vation [12]. A second possibility is that the hamster’s failure 
to overeat in response to fasting, 2-DG and 5-TG depends 
upon the efficient mobilization and utilization of stored 
lipids. Fasting, 2~DG and 5-TG have in common the charac- 
teristic of greatly enhancing lipolysis [4, 5, 12] (see also Ex- 
periment 2), thus making available large quantities of FFA 
for beta-oxidation. Stricker and Rowland [21] have in fact 
demonstrated that administration of 3-hydroxybutyrate, an 
endogenous ketone which is a by-product of beta-oxidation, 
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eliminates 2-DG-induced feeding in the rat. If the hamster is 
highly capable of mobilizing and utilizing stored lipids, this 
physiological response to fasting, 2-DG and 5-TG may ob- 
viate the need for a feeding response in these situations. An 
important point in this regard is that insulin is the only sub- 
stance which is known to reliably increase food consumption 
in the hamster. Interestingly, insulin lowers PG while simul- 
taneously enhancing lipogenesis and reducing the availability 
of FFA for beta-oxidation (cf. Experiment 2). It is therefore 
reasonable to hypothesize that insulin causes increased food 
intake in the hamster, while fasting, 2~-DG and 5-TG do not, 
because insulin simultaneously reduces the availability of 
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both of the normally available metabolic fuels, glucose and 
free fatty acids. Investigations are currently underway to 
determine the relative importance of gluconeogenesis and 
lipid mobilization in the hamster’s failure to eat in response 
to fasting, 2-DG and 5-TG. 


ACKNOWLEDGEMENT 


The author wishes to thank Evelina Freire and Kent Conover for 
able technical assistance. This investigation was supported by Grant 
A7873 from the Natural Sciences and Engineering Research Council 
Canada. 


REFERENCES 


. Booth, D. A. and T. Brookover. Hunger elicited in the rat by a 
single injection of bovine crystalline insulin. Physiol. Behav. 3: 
439-446, 1968. 

. Brown, J. and H. L. Bachrach. Effects of 2-deoxyglucose on 
blood glucose levels in the rat. Proc. Soc. exp. Biol. Med. 100: 
641-643, 1959. 

. DiGirolamo, M. and D. Rudman. Species differences in glucose 
metabolism and insulin responsiveness of adipose tissue. Am. J. 
Physiol. 210: 721-727, 1966. 

. Grijalva, C. V., D. Novin and G. A. Bray. Alterations in blood 
glucose, insulin and free fatty acids following lateral hypotha- 
lamic lesions or parasagittal knife cuts. Brain Res. Bull. 5: 
Suppl. 4, 109-117, 1980. 

. Hoffman, D. J. and R. L. Whistler. Diabetogenic action of 
5-thio-D-glucopyranose in rats. Biochemistry 7: 4479-4483, 
1968. 

. Houpt, T. R. Stimulation of food intake in ruminants by 
2-deoxy-D-glucose and insulin. Am. J. Physiol. 227: 161-167, 
1974. 

. Houpt, T. R. and H. E. Hance. Stimulation of food intake in the 
rabbit and rat by inhibition of glucose metabolism with 
2-deoxy-D-glucose. J. comp. physiol. Psychol. 76: 395-400, 
1971. 

. Kadish, A. M., R. L. Little and J. C. Sternberg. A new and 
rapid method of the determination of glucose by measurement 
of rate of oxygen consumption. Clin. Chem. 14: 116-131, 1968. 

. Laurell, S. and G. Tibbling. Colorimetric microdetermination of 
free fatty acids in plasma. Clinica Chim. Acta 16: 57-62, 1967. 

. Likuski, H. J., A. F. Debons and R. J. Cloutier. Inhibition of 
gold thioglucose-induced hypothalamic obesity by glucose 
analogues. Am. J. Physiol. 212: 669-676, 1967. 


. Myers, J. L. Fundamentals of Experimental Design, 2nd edi- 
tion. Boston: Allyn and Bacon, 1972. 

. Palou, A., X. Remesar, LI. Arola, E. Herrera and M. Alemany. 
Metabolic effects of short term food deprivation in the rat. 
Horm. Metab. Res. 13: 326-330, 1981. 

. Ritter, R. C. and O. K. Balch. Feeding in response to insulin but 
not to 2-deoxy-D-glucose in the hamster. Am. J. Physiol. 234: 
E20-E24, 1978. 

. Ritter, R. C. and P. G. Slusser. 5-Thio-D-glucose causes in- 
creased feeding and hyperglycemia in the rat. Am. J. Physiol. 
238: E141-E144, 1980. 

. Rowland, N. Effects of insulin and 2-deoxy-D-glucose on feed- 
ing in hamsters and gerbils. Physiol. Behav. 21: 291-294, 1978. 

. Sclafani, A. and D. Eisenstadt. 2-Deoxy-glucose fails to induce 
feeding in hamsters fed a preferred diet. Physiol. Behav. 24: 
641-643, 1980. 

. Silverman, H. J. Failure of 2-deoxy-D-glucose to increase feed- 
ing in the golden hamster. Physiol. Behav. 21: 859-864, 1978. 

. Silverman, H. J. and I. Zucker. Absence of post-fast food com- 
pensation in the golden hamster. Physiol. Behav. 17: 271-285, 
1976. 

. Smith, G. P. and A. N. Epstein. Increased feeding in response 
to decreased glucose utilization in the rat and monkey. Am. J. 
Physiol. 217: 1083-1087, 1969. 

. Sodoyez, J. C., A. S. Luyckx and P. J. Lefebvre. Biological 
properties of a transplantable islet-cell tumor of the golden 
hamster. II. Insulin content of the tumor and some metabolic 
characteristics of the tumor-bearing animals. Diabetes 16: 415- 
417, 1967. 

. Stricker, E. M. and N. Rowland. Hepatic versus cerebral origin 
of stimulus for feeding induced by 2-deoxy-D-glucose in rats. J. 
comp. physiol. Psychol. 92: 126-132, 1978. 





Physiology & Behavior, Vol. 29, pp. 807-811. Pergamon Press, 1982. Printed in the U.S.A. 


Daily Body Energy Balance in Rats 


JACQUES LE MAGNEN AND MICHEL DEVOS 


Laboratoire de Neurophysiologie Sensorielle et Comportementale 
Collége de France, 11 Place Marcelin Berthelot, 75231 Paris Cedex 05 France 


Received 10 May 1982 


LE MAGNEN, J. AND M. DEVOS. Daily body energy balance in rats. PHYSIOL. BEHAV. 295) 807-811, 1982.—The 
aim of the present study was to examine the balance between caloric intake and expenditures in successive 12 and 24 hour 
periods, for several consecutive days in rats. The simultaneous and continuous measurements of respiratory exchanges and 
of the spontaneous feeding pattern were performed in 6 rats during 38 days, in periods of 2 to 4 successive days. At night, 
caloric intake exceeded caloric expenditures by 32% on the average. In individual rats, the excess was positively correlated 
to meal size but not to meal number. During the daytime, caloric intake was 24% lower on the average than the concomitant 
energy expenditures. In individual subjects, these deficits were correlated to meal number but not to meal size. A nocturnal 
excess and the subsequent daytime deficit, and the diurnal deficit and the excess during the subsequent night were highly 
positively correlated. In fact, the 24 hour energy balance was either slightly positive (12% excess) or negative (4% deficit). 
The daily weight gain or loss was highly correlated to the residual excess and/or deficit with a mean caloric cost of 4.8 kcal 
per g of body weight. The absence of correlation between balances on successive days indicates that the body energy 
balance is regulated within 24 hr through 12/12 hr compensations and that no compensatory mechanisms are involved 


beyond 24 hr. 


Body energy balance Circadian cycle 


Food intake 





THE mechanisms controlling the body energy content and 
the genetically programmed levels of lean and fat tissues 
masses are essential processes for living organisms. There- 
fore, investigations of the mechanisms which allow food in- 
take to match fluctuating energy expenditures represent a 
major field of physiological research. However, such inves- 
tigations have been largely ignored. Despite a large number 
of works devoted to food intake and mainly to meal eating, 
little research has been carried out on the medium or long 
term relationships between cumulative food intake and 
mechanisms which govern intermediary metabolism and the 
overall metabolic rate. Such an investigation in laboratory 
animals or in human subjects necessarily required the simul- 
taneous measurement of energy expenditures and of food 
intake over a time sufficient to observe the matching be- 
tween input and output. Surprisingly, such obvious experi- 
mental requirement of a measure over time of the two terms 
of the body energy balance has been satisfied only in a very 
limited number of workds. In certain studies, a chronic long 
term recording of respiratory exchanges in rats was per- 
formed, but food intake was not recorded [14]. In other 
studies, food intake was recorded but O, consumption was 
measured over | to 2 hours but not in fed animals [19]. How- 
ever a technique described over 12 years ago made possible 
the simultaneous measurement of respiratory exchanges in 
rats, thanks to an open circuit calorimetric device, and the 
meal pattern of a rat over 24 hours or more. 

This elementary technique initially revealed that in adult 
rats [10,11] a positive energy balance (caloric intake larger 
than expenditures) was achieved at night and was compen- 
sated for by a negative energy balance in the daytime. Over 
24 hr, and under steady state conditions, cumulative discon- 
tinuous feeding roughly matched the daily energy output. 
The recording of respiratory quotients (RQ) indicated that 


the nocturnal energy balance was associated to fat synthesis, 
which was confirmed later by carcass analysis [15] and by 
incorporation of injected 'C-acetate into fat [5]. The same 
measurement revealed active lipolysis during the day. Such 
diurnal lipogenesis-lipolysis cycle was associated with a 
weight gain-weight loss alternation [4] and was parallel to the 
well known nycthemeral feeding cycle. Taking into account 
the nocturnal positive balance and the daytime negative one, 
this feeding cycle was then considered a hyperphagia- 
hypophagia cycle. Finally, other studies, mainly in humans, 
have demonstrated the neuroendocrine background of this 
nycthemeral lipogenetic-lipolytic pattern: elevated basal in- 
sulin, stimulated insulin release and insulin sensitivity, high 
rate of glucose utilization during the lipogenetic phase, 
hypoinsulinism and insulin insensitivity associated with glu- 
cose intolerance during the lipolytic phase [1, 2, 3, 11, 12, 13, 
16, 17, 18, 20, 21]. In addition, much evidence has been 
provided for the primary role of this neurometabolic back- 
ground in determining the hyperphagia-hypophagia alterna- 
tion, as well as in their interaction within 24 hours [6, 7, 8, 9]. 

In earlier studies in rats, cited above, the data had been 
extracted from recordings of respiratory exchanges and food 
intake during a single or two successive days. In the present 
work, the daily energy balance has been examined on the 
basis of 38 daily recordings in six rats, i.e., two to four series 
of successive daily recordings in each animal. In this article, 
our observations pertaining to energy balance over 12 and 24 
hours will be reported. 


METHOD 


The open circuit calorimetric device used in this experi- 
ment has been described previously [10,11]. The rat is en- 
closed in the cylindric metabolic chamber in which it has free 
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TABLE | 





Successive days 
of recordings: 
2nd week 


Weight (g) Ist week 





345 
372 
379 
402 
382 
429 





access to a food cup. A flow of CO, and water filtered air is 
continuously drawn into the chamber, at a flow rate of 1400 
ml per min and at constant temperature. In the outflow of air, 
O, concentrations are measured and compared to the inflow 
current by a differential O, analyser Servomex. From an- 
other derivation of the outflow, CO, concentration is con- 
tinuously measured through an infrared CO, analyser 
(Schlumberger). The output of the two analysers, which was 
previously recorded graphically, was now processed by an 
electronic integrator and printed out as well as the CO,/O, 
ratio or RQ. In the present study, the data were integrated 
over 5 min. The weight of the food cup was automatically 
and continuously recorded. This weight, averaged over 2 
min, is printed out separately. 

Male adult Wistar rats were used. Their body weights, on 
the first day of recordings, are indicated in Table 1. Eight 
days before they were placed in the calorimetric chamber, 
they were moved from their home cages and put for habitua- 
tion in the same size and shape as the metabolic calorimetric 
one. In this chamber as well as in the calorimetric chamber a 
12/12 hr dark-light cycle (6 a.m.—6 p.m.) was monitored. The 
first day of recording in the metabolic chamber (which was 
possibly affected by the new environment) was discarded. 
Table 1 indicates the number of consecutive or non- 
consecutive days recorded and analysed in the six rats. 
Lab-chow was available at all times. Contrary to preceding 
works, in which the caloric density of lab chow was derived 
from tables and from the composition provided by the 
supplier, the caloric density was determined here by bomb 
calorimetry and the composition of food reanalysed chemi- 
cally. The caloric value of the dry food was 4.485 kcal per g. 
Taking into account water, inert material and nutriment con- 
tent, the metabolizable energy content of the food has been 
calculated to be 3.8 kcal per g. 


RESULTS 
During the Night 


The 12 hr caloric expenditures amount on the average to 
40.5 kcal+0.7 (170.2 kJ) i.e., about 3.4 kcal per hour. The 12 
hr caloric intake amounts to 14.2 g +0.5, i.e., 53.9 kcal +0.2 
and 4.5 kcal per hour. With regard to body weight, this noc- 
turnal intake represents 13.8 kcal +0.4 per 100 g body 
weight. 

Examination of the 38 daily recordings shows that the 
nocturnal balance between caloric intake and expenditures 
was positive in 35 cycles and negative in 3. On the average, 
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the balance of caloric intake minus caloric expenditure was 
positive with a mean excess of 13.4 kcal +1.7, i.e., 32.1% 
+3.9 of caloric expenditures. Three cases of negative energy 
balance being excluded, the mean excess in 35 cycles 
reaches +36% +3.5. A separate analysis during the first and 
last 6 hours of the night revealed that this positive energy 
balance was almost exclusively achieved during the first half 
of the nocturnal period. Caloric expenditures are identical 
during the 2 successive 6 hr but caloric intake higher during 
the first one. This intake was in excess of caloric expenditure 
by 57.7% during the first 6 hours vs 5.4% during the last 6 
hours. 

The excess of intake beyond expenditures in individual 
rats, in other words the individual nocturnal hyperphagia, 
was strongly correlated to meal size: r=0.63 (p<0.01) but not 
to meal number: 0.18 (n.s.). 

Surprisingly the percentage excess is not correlated at all 
with the mean RQ (CO,/O,) which represents a well known 
indication of lipogenesis. 


During the Daytime 


The 12 hr caloric expenditures amount to 32.4 kcal +0.8 
on the average (136.1 kJ, i.e., 2.7 kcal per hr, 20% less than 
during the night). 

The daytime caloric intake amounts on the average to 6.4 
g +0.4, i.e., 2.4 kcal +1.4 and therefore 2 kcal per hr. 

In 29 circadian cycles among 38 recorded, the nocturnal 
positive balance was followed by a daytime negative bal- 
ance. In the nine others, the balance was positive during 
daytime. In six of them the balance was positive both at night 
and during the day. In the three others a reversed cycle, 
negative at night positive during the day, was observed. 

On the average the mean deficit of intake amounts to 8 
kcal +1.5. This deficit represents 23.8% +4.5 of concurrent 
expenditures. In other words, caloric intake is 71.2% of 
caloric expenditures. Calculated in 29 negative balances, the 
mean deficit was —37% +2.8 while the mean of 9 remainder 
positive balances reached + 19% +4.1. 

From the 6 hr analysis it appears that the mean deficit 
during the first 6 hr was twice that of the subsequent hour: 
67.9% vs 83.7. This was due both to a lesser intake and 
higher expenditure during the first half of the period com- 
pared to the last 6 hours. 

Contrary to what is observed during the night, the day- 
time deficit is not correlated to meal size (r=0.29, n.s.). 
Rather, it is correlated significantly with meal number 
:r=0.61, p<0.01). 

Again, contrary to the nocturnal situation, there is a 
strong negative correlation between the daytime deficit in 
caloric intake relative to caloric expenditures and the mean 
RQ which is an index of concurrent lipolysis: r=0.70, 
p<0.01. 


Night-Daytime Interaction 


The greater the excess of caloric intake over expenditures 
during the night, the greater the deficit on the subsequent 
day: r=0.78; p<0.01; but, the greater the deficit for a given 
day, the larger the excess energy on the subsequent night: 
r=0.75, p<0.01 (Figs. 1 and 2). 


Daily Energy Balance 


The averaged daily expenditures were 78 kcal +1.4 or 
306.4 kJ. The daily caloric intake of 20.6 g +0.4 represented 
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FIG. 1. Excesses of caloric intake over caloric expenditure at night 
are correlated to deficits during the subsequent daytime. 
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FIG. 2. Deficits of energy balance during daytime are correlated to 
excesses during the subsequent night. 


78.3 kcal +1.4 on the average. In 28 out of 38 daily record- 
ings the balance between the daily caloric intake still ex- 
ceeded expenditures by 11.96+1.1 (8.4 kcal +0.8). In the 10 
remaining recordings the daily balance was negative with a 
mean deficit of 4.2% +1 (3.4 kcal +0.9). For the 38 days a 
mean excess of intake over expenditures was 5.3 kcal +1 or 
+7.7% +5. Compared to this general mean excess of 7.7%, 
the mean excess in 32 cycles, either positive at night and 
negative during the day or the opposite, was only +6.2% 
+1.6. In 6 cases, in which a 12 to 12 hr alternation was not 
observed that is to say positive both at night and on day time, 
the residual excess was more than twice higher: +15.1% 
+1.8. 

At the end of the day, in 24 cases, rats had gained weight 


Daily Body Weight 
Changes 
g 





= 
o 


Daily 
Energy Balance 





FIG. 3. Correlation between weight gain or weight loss at the end of 
the day and daily energy balance. 


on the average: 3 g +0.5; in 12 other cases, rats lost weight: 2 
g +0.5 on the average. In the remaining 2 cases, the weight 
was maintained. The correlation between daily energy bal- 
ance and changes in body weight appeared highly positive: 
r=0.72, p<0.01 (Fig. 3). The equation of the regression line 
is: 


Y (weight gain or loss in g) = 0.36 g X (in cal) — 0.623. 


From this general correlation and from the above equation, it 
is derived that the cost of each g of weight gain is 4.4 kcal 
and that a 4.4 kcal daily deficit in the energy balance leads to 
1 g of weight loss. 

Finally, contrary to strongly correlated excesses and 
deficits in successive 12 hr, no correlation exists between 
successive daily energy balances: r=0.33 (n.s.); in other 
words, no trend exists to compensate a daily positive energy 
balance on a given day by a negative one the subsequent day, 
or inversely. 


DISCUSSION 


The present results, thanks to a series of successive daily 
recordings in the same rats, confirm and extend anterior 
conclusions on the daily body energy balance. The positive 
energy balance of the night alternates with and compensates 
for the positive diurnal one which leads at the end of the 24 
hr to a slightly positive or negative balance correlated to a 
slight weight gain or loss. At night rats ate 132% of the con- 
current caloric expenditures and thus were definitely hyper- 
phagic. This includes three individual cases of negative bal- 
ance. In these three cases the nocturnal negative balance 
was followed by a daytime positive energy balance and also 
by an inverse feeding pattern (8.4+0.3 g at night; 10.1+0.9 g 
during daytime). Six rats out of 38 did not exhibit the daily 
alternation between negative and positive energy balance 
and were in a state of positive balance during both the dark 
and light periods. 

The correlation of caloric excess with the size, but not 
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with the number of meals indicates that more or less accen- 
tuated hyperphagia, from day to day and from rat to rat, is 
dependent on a variation in the size of meals but not on their 
time intervals. This suggests that hyperphagia is also corre- 
lated to the magnitude of the meal size to post-meal interval 
ratio (onset ratio). This point will be examined in another 
article. The lack of significant correlation between the posi- 
tive nocturnal balance and RQ value is surprising and is dis- 
appointing. The mean RQ of 0.956+0.004 in the 35 cases of 
positive balance is indeed higher than the RQ of food oxida- 
tion, computed to be 0.94. The reason for this lack of corre- 
lation could be the narrow range between the basal level and 
the RQ indicative of maximal lipogenesis, of the order of 1.1. 
Here, the maximal RQ recorded was 1.0. Taking into ac- 
count the sensitivity of the measure this range would not 
permit us to demonstrate a correlation between the degree of 
hyperphagia and level of lipogenesis through RQ measure- 
ments. 

During the daytime, the present data confirm the classical 
notion of reduced caloric expenditure. By the simultaneous 
measurement of caloric intake they also confirm the general 
negative energy balance, with an intake about 25% lower 
than the contemporary caloric expenditures. However in 9 
out of 38 cases, the energy balance remains or becomes pos- 
itive during the daytime. This is presumably linked to the 
relatively high diurnal intake and the low night-day intake 
ratio generally observed in this series of rats. In these 9 cases 
the daytime food intake is 9.7+0.4 g, on the average, and is 
higher in certain cases than the preceding nocturnal intake. 
The exceptional positive energy balance during the daytime 
is thus due to exceptional high intake but not to exception- 
ally low caloric expenditures. These expenditures (O, con- 
sumption) are in the normal range in these cases. 

Interesting enough is the fact that, contrary to the night, 
the degree of hypophagia, that is to say of the balance deficit, 
was correlated not to meal size but to meal number. The 
larger the deficit, the longer the intervals between meals of 
unchanged size. This is consistent with the notion, supported 
by many other data, that the prolongation of meal to meal 
intervals which mainly accounts for the 12 hr hypophagia, is 
due and proportional to lipolysis, that is to say the substitu- 
tion of an endogenous fuel to exogenous intake. Indeed in 
the present study there was a strong negative correlation 
between the level of hypophagia and the level of RQ, taken 
as an indication of lipolysis in the range between 0.94 and 
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0.7. In the 29 cases of negative balance, the mean RQ is 
0.933+0.004. It is 0.980 in the 9 cases of positive balance. 

The strong correlation found between daytime deficits 
and excess in the preceding night confirms earlier results 
showing that daytime lipolysis compensates for preceding 
nocturnal lipogenesis and tends to match the 24 hr expendi- 
tures to the 24 hr intake. However it appears in the present 
study that a correlation of the same magnitude exists be- 
tween daytime deficits and subsequent nocturnal positive 
energy balance. This indicates that regulatory mechanisms 
are at work to compensate from the daytime to the subse- 
quent night as well as from the night to the subsequent day- 
time. Thus, the extent of the daytime deficit and presumably 
of lipolysis and weight loss may affect the level of hyper- 
phagia, and presumably of lipogenesis, on the subsequent 
night. 

Over 24 hr (computed here as a night and the subsequent 
daytime) the balance of daily caloric intake and expenditures 
is neither highly positive nor negative as an effect of com- 
pensatory mechanisms acting over the two parts of the diur- 
nal cycle. The lack of positive or negative correlations be- 
tween energy balance in couples of subsequent days indi- 
cates that in rats the regulation of body energy balance under 
steady state conditions is operated within the 24 hr. 

A daily weight gain averaging 3 g +0.5 in 24 daily record- 
ings is consistent with what is classically observed in adult 
Wistar rats. The general correlation between weight 
changes, and positive or negative balance, which reaches a 
magnitude of 0.7 is satisfactory. Less satisfactory is the 
negative b intercept of the regression line which substan- 
tiates the fact that some rats lost weight despite a positive 
energy balance. This may be due to a slight overevaluation of 
the caloric value of the food. Despite the measurement by 
bomb calorimetry and the analysis of food composition, the 
calculated 3.8 kcal per g might have been overestimated, due 
to the partial digestibility of the food. 

This general correlation between energy balance and 
weight variation at the end of the day leads to the calculation 
of a caloric cost of 4.4 kcal per g of weight gain and of an 
equivalent deficit corresponding to | g of weight loss. From 
this value of 4.4 kcal per g of weight gain, it is not reasonable 
to speculate as to the components of weight gain: body 
water, lean or fat tissue masses. Only carcass analysis could 
provide information about the proportion of daily fat depot, 
in the slight continuous weight gain of adult rats. 
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McDONALD, P. A. Influence of pinealectomy and photoperiod on courtship and nest-building in male doves. PHYSIOL. 
BEHAV. 29(5) 813-818, 1982.—Sham-operated male doves displayed greater nesting activity under long days (16L:8D) than 
under short days (8L:16D). This difference was abolished by pinealectomy—the activity of long-day pinealectomized birds 
dropped to a level comparable to that seen on short days. Removal of the pineal had no effect under the short photoperiod. 
These results are not due to changes in peripheral androgen production as castrated, testosterone-implanted males also 
exhibited higher levels of nest-building on long days if sham-operated, but not if they were pinealectomized. Neither 
treatment had a significant effect on courtship or copulatory behavior. It is suggested that the pineal mediates the stimulat- 
ory effect of long photoperiods on hormonally-induced nest-building in doves. 


Ring dove Sexual behavior Nest-building 


THE relationship between day length and avian breeding 
cycles has been examined extensively, particularly in terms 
of changes in reproductive physiology (see [14,15] for recent 
reviews). However, comparatively little attention has been 
focussed on the ways in which photoperiod acts upon repro- 
ductive behavior, which in birds is under the control of 
steroid hormones [38], presumably due to earlier assump- 
tions that seasonal changes in behavior are a direct reflection 
of changes in hormone level. The first detailed studies of the 
interaction between day length, endocrinology and avian 
breeding behavior were done by Hinde and Steel using 
female canaries. They found that estrogen treatment was 
more effective in inducing nesting activity in birds held under 
long days than in those on short days, indicating that photo- 
period alters responsiveness to hormone stimulation [19]. 
These results were paralleled by later work on females of 
two other domestic species: the budgerigar [18] and the ring 
dove [24]. In Japanese quail, on the other hand, photoperiod 
does not influence steroidal stimulation of behavior, since 
short-day declinces in both male and female reproductive 
activity can be totally reversed by hormone treatment [2]. 

In the male ring dove (Streptopelia risoria) sexual activity 
has been shown to be dependent upon the presence of 
androgen [11]. Although the ring dove is a domesticated 
strain derived from the tropical collared dove (S. roseogrisa) 
[17] and will breed throughout the year, both males [28] and 
females [24] are responsive to photoperiod, displaying 
greater nesting activity when exposed to long day lengths. 
The effect of day length on males does not appear to be the 
result of increased androgen production, as castrated birds 
receiving exogenous testosterone are also more active on 
long days [30]. 


Pinealectomy 


Photoperiod Androgen 


One structure which might mediate the influence of 
photoperiod is the pineal gland. There is strong evidence that 
the pineal participates in both long-day stimulation and 
short-day inhibition of reproductive development in rodents 
[21,34], although little is known about its effect on actual 
breeding behavior. The role of the pineal in birds is question- 
able. Most studies have failed to find any changes in the 
reproductive tract following pinealectomy [15,32] but there 
is evidence that the pineal may be involved in the 
antigonadal effect of short days in the weaverbird [35] and 
the progonadal effect of long days in ducks [20]. 

The following experiment was done in order to examine 
whether the pineal gland might somehow be associated with 
the modulating influence of day length on the behavior of 
male ring doves. 


METHOD 
Subjects 
Ring doves were hatched in our lab and held in in- 
door/outdoor aviaries until 9 months old. They were then 


sexed by laporotomy and left in heterosexual pairs until they 
had built a nest and laid 2 fertile eggs. 


Surgical and Sampling Methods 


In order to ensure that all of the experimental birds were 
sexually active each male was paired with a female for 10 
min and only those individuals displaying either bow-cooing 
or nest-soliciting were used. 

The procedure for pinealectomy was an adaptation of that 
used by John er al. [23] for pigeons. The operation was per- 
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formed under a binocular microscope on birds which had 
been anaesthetized with sodium pentobarbital. The skin on 
the top of the head was cut and the bone over the pineal 
region removed. Once the pineal area was uncovered the 
meninges were cut and a slow, steady stream of saline was 
run over the area to wash away the blood and enable location 
of the pineal body. The pineal was grasped with fine forceps 
and pulled loose, along with the choroid plexus. The area 
was then covered with Gelfoam (Upjohn) and sutered. Sham 
operations on control birds followed the same procedure to 
the point of rupturing the sinus and locating the pineal. 
Castration was performed under sodium pentobarbital 
anaesthesia, the left testis being removed 1 week before the 
right. Usually the entire testis was excised in one piece. 
Both gonadectomy and pinealectomy were verified visu- 
ally at the end of the experiment. Mortality due to the cas- 
tration operations, and incomplete castration of some birds 
reduced the sample size in Experiment 2 by 6 birds. 


Hormone Treatment 


Testosterone propionate (TP) was administered in silastic 
capsules implanted beneath the skin at the back of the neck. 
Implants were made of silastic tubing (1.98 mm i.d., 3.17 mm 
o.d.; Dow-Corning) filled with a 5 mm length of TP (Sigma) 
following the procedure of Smith et al. [39]. Capsules re- 
leased approximately 0.5 mg TP/day based on the weights 
before and after implantation. 

Females received IM injections of 200 wg estradiol ben- 
zoate (EB)+100 ug progesterone (P) (Sigma) in 0.2 ml saline 
in order to ensure that all males were paired with reproduc- 
tively active females. 


Behavioral Recordings 


Pairs of birds were observed for 15 min at 9:30, 11:30, 
13:30 and 15:30 each day over a 5 day period. Behavioral 
recordings were made of 4 pairs simultaneously, using check 
sheets divided into 15 sec intervals. Each pair had free ac- 
cess to 12 cm lengths of string spread on the floor of the cage 
on the side opposite to the nest bowl. The string in the nest 
bowls was removed and counted at the end of each day. 

Eight male and 7 female activities were recorded. Each 
was scored as the number of 15-sec intervals in which it was 
observed, except carrying of string and copulatory activities 
which were scored as the number of separate events. These 
behavior patterns have been described in detail by several 
authors [24,25]. They fall into 4 general categories: male 
courtship (chase/peck, bow-coo, nest-soliciting, total 
time-at-nest), female courtship (appeasement crouch, nest- 
soliciting, time-at-nest), copulatory behavior (begging (2), 
billing (3), crouch (2), mount/copulation (¢)) and nest- 
building (¢ carrying, ¢ nestbuilding = manipulating or carry- 
ing string, 2 carrying, 2 nestbuilding). 


Experiment 1 


The following procedure was carried out on 5 sets of 10 
birds staggered at 1 week intervals. Each set was composed 
of 2-3 individuals from each treatment group. Intact male 
doves were brought in from the aviaries in February and held 
on an 8L:16D light cycle. The birds were pinealectomized or 
sham-pinealectomized and 1 week later moved into isolation 
cages on either long (16L:8D) or short (8L:16D) day lengths. 
Thus there were 4 experimental groups: long-day control 
(LC) and pinealectomized (LP), and short-day control (SC) 
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and pinealectomized (SP) birds. After 8 weeks each male 
was paired with a female which had received 7 daily injections 
of EB+P. Females remained in the test cages throughout the 
5 day observation period on a light cycle of 14L:10D and 
continued to receive steroid injections. Males were paired 
with the females for 6'/2 hours each day (9:30-16:00) then 
returned to their individual cages on the short and long day 
lengths. 

Four weeks after the end of the observation period the 
males were castrated. The left testis was weighed, measured 
for volume using displacement of saline in a 3 cc syringe, and 
fixed in Bouins solution. Sections were stained with 
haematoxylin + eosin and examined for stage of sper- 
matogenesis. 


Experiment 2 


After a further 7 weeks on the long and short day lengths 
the males from Experiment | were implanted with capsules 
containing TP and | week later were retested with new 
females following the procedure described above. 


RESULTS 
Experiment | 


Results from control birds agree with those seen in earlier 
experiments. There was no significant effect of photoperiod 
on levels of male courtship, copulatory behavior, or activity 
of the females paired with the males (Table 1). As indicated 
in Table 2, however, all three measures of male nest-building 
were greater for LC than for SC birds. This difference was 
eliminated by pinealectomy: LP males built at levels similar 
to those displayed by both short-day groups, and were signif- 
icantly less active than LC birds. Pinealectomy had no effect 
on those activities which are not altered by photoperiod—i.e., 
male courtship and copulatory behavior and behavior of the 
stimulus females. 

Long day lengths were associated with higher testis vol- 
ume and testis weight in control birds (Table 3). No effect of 
day length was seen in pinealectomized birds and pinealec- 
tomy did not cause significant changes in testis weight or 
volume under either day length, although there did appear to 
be a trend towards increased testis size under short days and 
decreased size under long days with pinealectomy. All birds 
exhibited asynchronous seminiferous tubules and all were 
presumably in breeding condition as evidenced by the pres- 
ence of spermatazoa in the lumen of some tubules. 


Experiment 2 


Castrated, testosterone-implanted birds behaved in a 
manner similar to intact birds. Male nesting behavior was 
again the only activity to show significant changes in re- 
sponse to photoperiod or pinealectomy (Table 4). All 3 
measures of nesting activity were significantly higher in LC 
than SC birds (Table 5). Pinealectomy had no effect under 
short days, but caused a decline in nesting behavior under 
long days. 


DISCUSSION 


In general pinealectomy has been shown to have little 
effect on gonad size in birds. Most of the evidence support- 
ing a relationship between the pineal and reproductive de- 
velopment comes from animals which are not fully respon- 
sive to the photoperiod, either because they are prepubertal 





PINEALECTOMY AND DOVE BEHAVIOR 


TABLE 1 


EFFECT OF PHOTOPERIOD AND PINEAL, ON COURTSHIP AND COPULATORY 
BEHAVIOR OF INTACT MALES, AND ON THE REPRODUCTIVE BEHAVIOR 


OF THEIR MATES 





Activity 


Long Day 


Control 
n=9 


Pineal, 
n=11 


Short Day 


Control 
n=8 


Pineal 
n=12 





Male courtship 
Chase/peck 


Bow-coo 
Nest-solicit 
Time-at-nest 


Copulatory activity 
Begging 


Billing 
Crouch 
Mount/Copulate 


Female Behavior 
Nest-solicit 


Time-at-nest 
Approach/crouch 
Nest-build 


Carrying 


16.8 
(2-36) 
14.5 
(3-32) 
385 
(169-492) 
375 
(181-502) 


a 
(0-26) 
3.7 
(0-11) 
a2 
(0-9) 

2.6 
(0-5) 


383 
(214-662) 
612 
(385-838) 
1.6 

(0-5) 
4.9 

(0-36) 
2.1 


(0-17) 


15.0 
(3-48) 
13.5 
(0-39) 
448 
(315-628) 
408 
(209-628) 


t 
(0-21) 
5.8 
(0-18) 
37 
(0-13) 
7 a | 
(0-7) 


333 
(0-603) 
495 
(0-804) 
2a 
(0-7) 
3.9 
(0-16) 
0.8 
(0-3) 


14.5 
(6-27) 
13.0 
(4-41) 
385 
(135-613) 
367 
(141-663) 


6.4 
(0-12) 
4.5 
(0-9) 
2.9 
(0-5) 
1.9 
(0-4) 


372 
(119-786) 
571 
(80-1002) 

2.6 
(0-5) 
2.0 
(0-7) 
0.6 
(0-2) 


18.7 
(4-42) 
14.2 
(2-34) 
331 
(200-462) 
313 
(85-502) 


5.9 
(0-16) 
2.7 
(0-11) 
3.2 
(0-9) 
1.8 
(0-5) 


382 
(226-586) 
525 
(91-817) 
1.9 
(0-11) 
a7 
(0-16) 
0.8 
(0-4) 





Values represent the mean and range of the total number of 15-sec intervals or of 
the total number of observed events over the 5-day test period. 
No significant differences were found using Mann-Whitney U-tests (2-tailed), 
a=0.05 for LC vs LP, LC vs SC, SC vs SP, or LP vs SP. 


TABLE 2 


NEST-BUILDING ACTIVITY OF PINEALECTOMIZED AND CONTROL INTACT 
MALE DOVES HELD ON LONG OR SHORT DAYS 





Long day 


Control 
n=9 


Pineal, 
n=11 


Short day 


Control 
n=8 


Pineal, 
n=12 





Nest-building 
(intervals) 

Carrying 
(events) 

String 
(pieces) 


134 
(32-278) 
45 
(5-109) 
247 
(19-619) 


387 
(1-73) 

127 
(0-29) 
119* 
(0-220) 


33% 
(0-93) 
16* 
(0-46) 
100* 
(0-312) 


47 
(2-176) 
18 
(0-71) 
109 
(8-304) 





Values represent the mean and range of the totals for the 5-day test period. 
*Significanly different from LC: p<0.05, Mann-Whitney U-test, 2-tailed. 
*1Significantly different from LC: p<0.02, Mann-Whitney U-test, 2-tailed. 
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TABLE 3 
EFFECT OF PHOTOPERIOD AND PINEALECTOMY ON TESTIS WEIGHT AND VOLUME. 





Long day Short day 


Control Pineal, Control Pineal, 
n=9 n=11 n=8 n=12 





Testis 476 + 30.9 435 + 35.4 383 + 32.4* 432 + 27.1 


weight (ug) 
Testis 0.61 + 0.06 54+ 0.03 .47+ 0.04* 0.55+ 0.03 
volume (ml) 





Values represent mean + SE. 
*n<0.05, t-test, 1-tailed for SC<LC. 


TABLE 4 


EFFECT OF PHOTOPERIOD AND PINEAL, ON COURTSHIP AND 
COPULATORY BEHAVIOR OF TP-IMPLANTED CASTRATES, AND ON THE 
REPRODUCTIVE BEHAVIOR OF THEIR MATES 





Activity 


Long day 


Control 
n=9 


Pineal, 
n=11 


Short day 


Control 
n=5 


Pineal, 
n=9 





Male courtship 
Chase/peck 


Bow-coo 
Nest-solicit 
Time-at-nest 


Copulatory activity 
Begging 


Billing 
Crouch 
Mount/Copulate 


Female behavior 
Nest-solicit 


Time-at-nest 
Approach/crouch 
Nest-build 


Carrying 


9.9 
(1-30) 
7.0 
(0-17) 
359 
(209-586) 
357 
(67-649) 


11 
(0-54) 
4.7 
(0-20) 
5.8 
(0-18) 
2.6 
(0-7) 


291 
(124-612) 
584 
(295-842) 
4.6 
(0-11) 
1.6 
(0-5) 
0.2 
(0-1) 


7.6 
(1-20 
5 oy 
(0-12) 
397 
(144-665) 
401 
(89-786) 


10 
(0-20) 
Bat 
(0.13) 
4.4 
(0-13) 
1.5 
(0-5) 


395 
(139-673) 
516 
(67-937) 

2.6 
(0-9) 

4.1 
(0-35) 

0.1 
(0-1) 


5.4 
(1-9) 
3.8 
(2-7 
312 
(35-523) 
335 
(32-606) 


12 
(3-22) 
8.4 
(0-18) 
6.2 
(0-12) 
4.0 
(0-6) 


326 
(18-509) 
435 
(15-649) 
1.6 
(0-4) 
6.8 
(0-19) 
2.8 
(0-7) 


Wud 
(0-22) 
9.9 
(0-38) 
285 
(134-437) 
318 
(96-718) 


14 
(0-41) 
5.0 
(0-14) 
4.7 
(1-11) 
2.0 
(0-4) 


316 
(55-753) 
743 
(149-1047) 
3.0 
(0-6) 
3.4 
(0-10) 
0.7 
(0-5) 





Values represent the mean and range of the total number of 15-sec intervals or of 
the total number of observed events over the 5-day test period. 
No significant differences were found using Mann-Whitney U-tests (2-tailed), 
p=0.05 for LC vs LP, LC vs SC, SC vs SP, or LP vs SP. 





PINEALECTOMY AND DOVE BEHAVIOR 


TABLE 5 


NEST-BUILDING ACTIVITY OF PINEALECTOMIZED AND CONTROL CASTRATED 
MALE DOVES IMPLANTED WITH TESTOSTERONE PROPIONATE AND HELD ON 
LONG OR SHORT DAYS 





Long day Short day 


Control Pineal, Control Pineal, 
n=9 n=11 n=5 n=9 





Nest-building 69 32 207 30 
(intervals) (11-177) (1-103) (0-72) (0-91) 

Carrying 24 8* 77 11 
(events) (4-69) (0-19) (0-29) (0-45) 

String 164 
(pieces) (29-493) 


69" 57* 72 
(0-193) 


(11-181) (0-114) 





Values represent the mean and range of the totals for the 5-day test period. 
*Significantly different from LC: p<0.05, Mann-Whitney U-test, 2-tailed. 
*Significantly different from LC: p<0.02, Mann-Whitney U-test, 2-tailed. 


(Japanese quail, [3,37]; chickens, [12]), have been blinded 
(domestic ducks, [20]; see [7,22] for discussion of the roles of 
eyes verses extraretinal receptors) or are tested early in the 
breeding season (domestic ducks, [10]). The only species in 
which fully photoresponsive adults have been shown to react 
to pinealectomy is the Indian weaver bird which exhibits 
increased testis weight following removal of the pineal [4]. It 
is of further interest that none of these birds exhibit a refrac- 
tory period. It is possible that in most cases any effect of the 
pineal gland on gonad development is masked by a much 
stronger control exerted by the photoperiod independently 
of the pineal, and that responses to pinealectomy are gener- 
ally seen in situations where there is a weak photoresponse. 
Certainly the ring dove can be classified as ‘‘weakly photo- 
responsive,’ since photoperiod causes only slight (1'/2x) 
changes in testis size compared with those seen in many 
seasonal breeders. The effect of pinealectomy on gonadal 
development in doves is unclear—although removal of the 
pineal did not cause a significant change in testis weight or 
volume under either day length, it did appear to diminish the 
difference seen between control birds held on the two photo- 
periods. 

The behavior of the doves was more clearly affected by 
photoperiod and pinealectomy. The results confirm earlier 
tests indicating that male nest-building is stimulated by ex- 
posure to long day lengths. In addition,the pineal gland ap- 
pears to influence this effect of the photoperiod. Neither 
treatment can be acting via changes in androgen production, 
since similar results were obtained following castration and 
testosterone implantation, which would presumably stan- 
dardize the circulating levels of androgen. 

The fact that pinealectomy alters only nesting behavior— 
the one activity which is consistently influenced by 
photoperiod—gives further evidence that the pineal 
is acting as a mediator of photoperiod effects rather 
than through an independent mechanism. If pinealectomy 
was having a debilitating effect [33] or was causing a gen- 
eral change in behavior which was separate from the 
photoperiod response, for example by changing the circadian 
rhythm of overall activity [16], then it seems probable that 
other measures of behavior such as courtship and copulatory 
activity would also be affected. However, the only clear in- 
fluence of pinealectomy was reversal of long-day induced 


increases in nest-building, other photoperiod-resistant ac- 
tivities were unaltered. 

There are a number of ways in which the pineal gland 
might affect the relationship between behavior and photo- 
period. One way is through changes in the production of 
hypothalamic or pituitary hormones. Saxena et al. [36] have 
shown that pinealectomy of weaver birds causes increased 
hypothalamic luteinizing hormone releasing factor (LRF) 
and plasma LH levels. It is unlikely that changes in LRF (or 
associated changes in LH) are involved in this situation since 
exogenous LRF does not affect nest-building activity under 
either photoperiod [29]. 

A second possible mechanism is alteration of testosterone 
metabolism. There is mounting evidence that metabolism of 
androgens plays a primary role in determining their ability to 
stimulate both physiological and behavioral changes in birds 
[1,13] as well as in mammals [26]. Conversion of androgens 
by the duck testis appears to be altered by both pinealectomy 
[20] and melatonin treatment [9] and since metabolism of 
androgen in the CNS of quail [5,27] and starlings [8] is 
changed by day length it is possible that both photoperiod 
and pinealectomy influence nesting in doves through 
changes in testosterone metabolism. 

Other mechanisms which could be involved in this system 
are neural hormone uptake, peripheral clearance and me- 
tabolism, or direct changes in sensitivity of neurons control- 
ling behavior. It is also possible that removal of the pineal 
disrupts a circadian rhythm controlling nesting, although 
pinealectomy-induced arrhythmia of locomotion and tem- 
perature in passerines occurs only under constant conditions 
and is not seen under LD cycles [31]. Whether or not 
melatonin is involved remains to be determined. Past exper- 
iments have found little evidence that melatonin alters avian 
physiology [15] and pilot tests examining its effect on dove 
behavior have so far given conflicting results (McDonald, 
unpublished). 

The apparent involvement of the pineal in mediating day 
length effects on dove nesting behavior may provide a clue 
as to the function of this elusive organ in birds and further 
examination will hopefully give a clearer understanding of 
how it ties in with both photoperiod and the hormonal induc- 
tion of behavior in this species. 
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NIESINK, R. J. M. AND J. M. VAN REE. Short-term isolation increases social interactions of male rats: A parametric 
analysis. PHYSIOL. BEHAV. 295) 819-825, 1982.—Frequencies of social interactions were higher in pairs of short-term 
individually housed male Wistar rats as compared to group-housed animals. This was most pronounced when an individu- 
ally housed rat and a group-housed conspecific were tested together in the morning under red light conditions. Then, in 
particular the behavioral elements exploration partner, anogenital investigation, crawl over/mount and social grooming 
were enhanced. The increases in social interactions was dependent on the duration of the period of individual housing and 
appeared to be maximal after 4 to 7 days of individual housing. The effect extinguished after repeated testing. The observed 
behavioral changes were hardly affected by habituation to the test cage and were also present in young animals. The 
increase in social interactions is apparently not due to a general increase in locomotor or exploratory behavior, since no 
differences in ambulation between individually- and group-housed animals were observed when they were tested together 
in the social interaction test, and locomotor activities hardly differed in an open field test procedure. 


Social interaction Housing conditions 


Social isolation 


Light conditions Social behavior 





STUDIES dealing with individually housed animals as com- 
pared to group-housed conspecifics have been performed, 
using a variety of laboratory animals like dogs, mice, rats 
and monkeys [2, 8, 17, 19]. Besides changes in neuro- 
chemistry [27], physiology [4] and anatomy [32], individual! 
housing causes differences in behavior of rats, such as hyper- 
locomotion [13, 14, 31], increased aggressive behavior [29], 
facilitated acquisition and delayed extinction of shuttlebox 
avoidance responses [21]. However, the direction and signif- 
icance of some of these behavioral and physiological pa- 
rameters have been a matter of debate. Thus, Dalrymple- 
Alford and Benton [5,6] showed an initial reduced locomotor 
activity of isolated rats, while other investigators reported an 
increased activity only [14]. 

In most of these studies long-term individually housed 
animals were used and the differences with group-housed 
animals were apparent only after weeks or sometimes even 
months of individual housing. However, other studies 
showed that also short-term social deprivation induces dis- 
turbances, for instance, a delayed adaptation to painful 
stimuli when rats were repeatedly tested on a hotplate (Van 
Ree, unpublished observations), an increase in systolic 
blood pressure and heart rate [12] and increased social activ- 
ity when the rats were put back in a social situation [11, 20, 
28}. 

In the present study we have studied in detail the increas- 





ing effect of short-term isolation on social interactions of 
pairs of rats. Additional experiments showed that this effect 
is specific for social interactions and is not due to a more 
general change in locomotion or exploratory behavior of iso- 
lated rats. 


METHOD 


Animals 


Male rats of a Wistar strain, weighing between 180 and 
220 grams were used, unless otherwise indicated (see exper- 
iment d below). The rats were obtained from TNO-Zeist, 
The Netherlands and housed in wire cages in groups of ap- 
proximately 20 animals. Prior to experimentation the rats 
were either individually housed (isolated, I) or in groups of 5 
animals per cage (non-isolated, S) for 7 days, except as 
otherwise indicated. Home cages were of plastic, 22 13 cm 
and 26x40 cm, respectively. During the isolation period the 
cages of isolated and non-isolated rats were in the same 
room, so the isolated animals could hear and probably smell 
other rats, but did not have physical contact with them. Dur- 
ing this period the animals were kept in a temperature con- 
trolled environment (25+1°C) with a regular day/night cycle 
(20-100 lux; lights on 7:00 a.m. to 7:00 p.m.). Standard food 
and tap water were available ad lib. Animals were used only 
once, except otherwise indicated. 


‘Requests for reprints should be sent to Dr. J. M. van Ree at the above address. 
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Open Field Behavior 


Open field behavior was analyzed in a circular arena as 
described in detail elsewhere [33]. Ambulation (number of 
floor units crossed), rearing (facing the wall and in the mid- 
dle), grooming and defecation were measured for 5 minutes 
in 7-day isclated (I) and group-housed (S) animals. Ambula- 
tion was recorded per minute, other items were recorded per 
5 minutes. The same animals were repeatedly tested with 
intervals of 2.5 hours, starting at 9 a.m. 


Test Procedure for Social Interactions 


Rats were tested for social interactions with a naive test 
partner. The body weights of the 2 rats did not differ more 
than 10 grams. The rats were weighed at the start of the 
isolation period and on the day of testing. On the day before 
testing they were marked. The tests were carried out be- 
tween 9:00 a.m. and 1:00 p.m. (except in eperiment a). The 2 
rats were placed in a perspex observation cage (707050 
cm, 1xwxh). The floor and back of the cage were of a green 
color, the other walls were transparent. The floor was di- 
vided into 16 squares by painted lines. At the end of each 
session the boluses were removed and the floor and walls 
were cleaned. Two red light bulbs of 60 watts each, situated 
70 cm above the floor of the cage and covered with white 
paper, served as light source. Each test session lasted 10 
minutes and the behaviors of the rats were recorded on video 
tape (Sony U-Matic) using a camera with a silicone target 
tube which is extremely sensitive to red light. Time was 
recorded synchronically. Neither the experimenter nor other 
rats were present in the test room during the test trial; be- 
sides the camera, video equipment was in an adjacent room. 
The social interactions of the animal were analyzed blindly 
after the test sessions by observing the recordings twice, 
once for each animal. The set of recorded elements of behav- 
ior was similar to that described by Grant [16]; however, 
some elements did not occur, and others occurred too in- 
frequently to allow a separate statistical analysis and there- 
fore they were combined. Thus the social interactions were 
divided among the following 8 different items: 

Exploration of the partner. Sniffing or licking any part of 
the body of the conspecific except the anogenital area. 

Anogenital investigation. Sniffing or licking the ano- 
genital area of the other rat. 

Crawl over/mounting. The rat stands on its hind legs and 
puts one or both forepaws on the partners back, or climbs 
over the partner, the partner is enclosed in the flanks, the 
anterior part of the mounting rat rests on the hind-quarter of 
the partner and the rat sometimes performs vibrating move- 
ments. 

Social grooming. The rat licks and chews the fur of the 
conspecific, while placing its forepaws on the back or the 
neck of the other rat. Sometimes this occurs in a very rude 
fashion (aggressive grooming). 

Biting. The rat bites by fast snapping and leaving off 
again, as well as by holding on while jerking. 

Approaching/following. Walking or running in the direc- 
tion of the partner, which stays where it is or moves away. 

Kicking. The rat kicks backwards at the conspecific with 
one or both hindlegs. 

Fighting. All aggressive behaviors towards the partner, 
like boxing, sideways attack, etc. 

The frequencies of these different elements were counted 
per minute. If a certain behavior exceeded 5 seconds, it was 
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counted each Sth second again. As a measure of the total 
amount of social interactions of one animal the sum of the 
different items per 10 minutes was taken. In one experiment 
ambulation (number of floor units crossed), rearing (middle 
and wall) and self-grooming activities during the social inter- 
action period were measured. In another experiment total 
time (sec) in which a rat was in physical contact with its 
partner (except tail-tail contact) was compared to that of the 
total frequency of social interactions. In the first two exper- 
iments 2 non-isolated rats (S-S), a non-isolated and an iso- 
lated rat (S-I) and 2 isolated rats (I-]) were tested together; in 
the other experiments a non-isolated and an isolated rat (S-I) 
were tested together. 


Effect of Different Variables on Social Interactions 


a. Light condition and time of day. In the first condition 
two white light bulbs of 75 watts situated approximately 70 
cm above the floor of the observation cage were used as a 
light source. In the second (and all the other situations) two 
red light bulbs as described above were used. Light intensity 
was 460 and 0.4 lux, respectively. The tests were performed 
at different times of the day i.e., from 9:00 a.m. to 1:00 p.m. 
and from 7:00 p.m. to 10:30 p.m. In these experiments the 
isolation period was 4 days. 

b. Habituation to the observation cage. Habituation was 
performed by placing the rats alone in the observation cage 
for 10 minutes on the two days before the test. The following 
four pairs of rats were tested: 


Shap - Than 


Snon-hab i Lase-nad 


Snon-hab > Ihab 


Shap ~ 4non-hab 


(hab=habituated to the test cage; non-hab=not habituated to 
the test cage) 

c. Duration of social deprivation and effect of repeated 
testing. Experiments were performed in which the duration 
of social deprivation of the isolated rats was varied. Rats 
were tested after 1, 4, 7 or 28 days of social isolation with a 
group-housed partner. The rats which were tested after 7 
days of isolation were tested again on the two days following 
the first interaction test with the same partner. The rats were 
put back in their home cages immediately after testing. 

d. Age of the rats. Social interactions were measured in 
pairs of rats that were 4-week-old (weighing + 120 grams) and 
compared to those of 8-week-old rats (weighing +200 
grams). Half of the animals were individually housed for 7 
days and the others in groups of 5 animals, starting | week 
before the test. 


Statistical Analyses 


For most of the variables a Wilk-Shapiro test for normal- 
ity on the data indicated that the underlying population did 
not deviate from a normal distribution [26], here parametric 
statistical methods, otherwise non-parametric statistical 
tests were used. Differences between the two means were 
tested with Student t-tests or Mann Whitney-U-tests. Test- 
ing of more samples that were obtained at the same time was 
performed with a one-way analysis of variance, or when 
more than one factor at the same time had to be compared 
(e.g., housing condition versus time of testing) a two-way 
analysis of variance with repeated measures [25] was used. 
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FIG. 1. Open field behavior of 7-day isolated (closed circle, shaded columns; n=6) and group-housed 
(open circle, open columns; n=6) animals in 3 subsequent trials (I, II, III). The intertrial interval was 
2.5 hours. (A) Ambulation score versus minute of testing. (B) Ambulation, rearing (field and wall), 
self-grooming and boluses per 5 minutes. Data are expressed as mean score, vertical bar indicates 
S.E.M. "Two way analysis of variance with replications. *»<0.05 (Student’s /-test). 


RESULTS 


Body weights were not affected by the 7-day isolation 
procedure. During this time period the body weights of 
S-rats gained from 199.2+2.6 on day | to 225.1+2.2 on day 8 
(mean+S.E.M., n=25); those of the I-animals from 
199.0+2.2 to 227.3+2.0 (n=25). In the open field test a 
difference in ambulation between 7-day isolated and group- 
housed animals within the first trial was observed, but not in 
the 2nd or 3rd trial (Fig. 1A). In fact a higher number of 
ambulations was observed in the I-rats as compared to the 
S-rats during the 2nd and 3rd minute of the Ist test trial; this 
effect may be due to a diminished decrease of ambulation 
over time in the I-rats. No differences were found in ambu- 
lations per 5 minutes between I- and S-animals, nor in any of 
the other measures of the open field test (Fig. 1B). 

The distribution of the different items of the social in- 
teractions is given in Table 1. Generally the tested rats were 
not very aggressive and most of the observed items can be 
considered amicable exploratory behavior. The most fre- 
quently observed item was exploration of the partner. Isola- 
tion increased the total amount of social interactions when 
the partner was a group-housed animal as well as when it was 


another isolated rat. Comparing the different items in the I-I 
pairs with those in the S-S pairs, significant increases in 
anogenital investigation, social grooming, approach/follow, 
kicking and fighting were found. Ambulation during the so- 
cial interaction period was increased in the isolated animals, 
while rearing wall and field were decreased. When isolated 
animals were tested with non-isolated rats as their partner, 
exploration of the partner, anogenital investigation, mount- 
ing/crawl over, and social grooming were increased when 
compared to the group-housed test partners. Rearing of the 
I-animals was less than that of the S-animals, while no 
difference was present in the ambulation of the rats. Compar- 
ing the behavioral items of group-housed animals tested with 
isolated partners (S-I) with those of group-housed animals 
tested with group-housed partners (S-S), a decrease in 
anogenital investigation (9 <0.05), and an increase in ambu- 
lation and rearing field (p<0.01 and p<0.001, respectively) 
was observed in the first mentioned animals. When the items 
of isolated animals in the test with group-housed partners 
(I-S) were compared with those of isolated animals from the 
test with isolated partners (I-I), a significant increase in rear- 
ing field (p<0.05) was found; although the different items 
were not significantly higher, in the latter (I-I) situation more 
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TABLE | 
EFFECT OF SOCIAL DEPRIVATION ON SOCIAL INTERACTIONS 





Behavioral Item 


AILS 





_ 
w 


Exploration Partner 
Anogenital Investigation 
Crawl Over/Mount 
Social Grooming 
Biting* 
Approach/Follows 
Kicking* 

Fighting* 


I+ I+ I+ |+ 
ooo: 
ato 


n.s.7 
p<0.02 

n.s. 
p<0.01 

n.s. 
p<0.01 
p<0.02 
p<0.002 


I+ I+ I+ I+ 


It It It I+ 


It © 


tio © 











o 
~s 
Hie “MH” HH HK 


Total Amount of Social : ‘ 58.7 3.0 


Interactions 
259.3 
30.3 
14.6 
6.6 


11.8 
2.5 
1.6 


1.2 


Ambulations 221.5 
Rearing, wall 41.5 
Rearing, field yf 
Self-Grooming 7.3 


I+ I+ I+ I+ 
I+ I+ It I+ 


2.0 


tio ol © 


p<0.001 27.0 2.6 50.7 


19.8 - 299.5 
is - 335 
33 20.7 
‘3 I 


29.9 n.s. 
4.1 n.s. 
1.4 p<0.001 
Se n.s. 


p<0.05 281.1 
p<0.02 41.0 
p<0.001 36.0 

n.s. 4.3 


It It It I+ 


I+ It I+ I+ 





Contribution of the various analysed items to the total amount of social interactions in 3 experiments in which 7-day isolated animals (1) 
were tested with other I animals (I-I) or with group-housed animals (I-S) and group-housed animals (S) with other group-housed animals 


(S-S) 


In addition ambulations, rearing (field and wall) and self-grooming are presented (lower part of the table). Data of 12 observations are 
given as the mean (+S.E.M.) or median (*) frequency that a certain item occurred in the 10-minute test session. 
*Difference between I- and S-anmals from test pairs with a partner with the same housing background. 


tidem with test partner from different housing condition. 


Statistical analysis was performed using Student’s t-test or Mann-Whitney U test. 


aggressive-like behavior occurred (kicking, biting and fight- 
ing). Figure 2 presents the frequency of social interactions 


per 2 minutes. A difference between the four tested groups 
was observed, F=34.13, p<0.01. Frequency of social in- 
teractions increased more over time for I-animals than for 
S-animals. In fact, this difference was present between the 
two tests in which partners from the same housing conditions 
were tested (I-I versus S-S), F=38.57, p<0.002, and also 
between the I- and S-animals in the I-S encounters, F=50.77, 
p<0.01. There was a small difference between the S-animals 
from the two different test conditions (S-S versus S-I), 
F=4.96, p<0.05, but not between the I-animals from the two 
test conditions. Repeated scoring of the same animals from 
the same tape (by the same observer) never gave deviations 
of more than 5%, indicating that the used procedure is rather 
reproducable. 

Figure 3 shows a correlation diagram of duration and fre- 
quency of social interactions of 7-day isolated rats (I) in a 
dyadic encounter of 10 minutes with S-rats. The correlation 
appeared to be highly significant. 


Influence of Different Variables 


a. Light condition and time of day. Table 2 shows the data 
obtained in the social interaction test under different test 
conditions. Testing under red light caused a slight increase of 
the total amount of social interactions of the S-rats. Testing 
in the evening (dark period) further increased the total 
amount of social interactions in these animals. The social 
interactions in the I-animals were hardly affected by both 
test conditions. The difference in total amount of social in- 
teractions between I- and S-rats, if tested together, was 
highest when tested under red light in the morning 
(p <0.002). 


b. Habituation to the test cage. Habituation to the test 
cage hardly influenced the total amount of social interactions 
of the S- or the I-rats (Table 3). In all 4 tests significant 
differences were observed between I- and S-animals, 
F(1.32)=44.89 p<0.001, but not between the habituation 
conditions, F(3.32)=0.36, n.s. 

c. Duration of social deprivation and effect of repeated 
testing. Already after one day of social isolation a difference 
in total amount of social interactions of the I-rat as compared 
to the S-rat was observed (Table 4a). This difference in- 
creased and was highly significant after 4 days of isolation 
and did not further increase by prolongation of the isolation 
period to 7 or 28 days. Repeated testing of the 7-day isolated 
animals on the 8th and 9th day of their isolation period with 
the same partner resulted in a gradual decrease in the differ- 
ence of the social interactions between the I- and S-rats (Ta- 
ble 4b). This decrease is mainly due to a diminished amount 
of social interactions of the I-rats. The contribution of the 
different items to the total frequency of social behaviors was 
influenced neither by the duration of the isolation period nor 
by extinction of the increase in social activity in the isolated 
rats. 

d. Animals of different age. Younger animals also showed 
behavioral changes after a 7-day isolation period. Table 5 
compares the social interactions between younger animals 
and older ones (4 and 8 weeks, respectively, at the time of 
testing). Younger animals were physically more active; they 
mounted, crawled and climbed more on their partners than 
older conspecifics, both in the group-housed and the isolated 
animals. Differences between the 4- and 8-week old group- 
housed rats were found in exploration partner/anogenital in- 
vestigation (p<0.01), mounting/social grooming (p<0.01), 
follow/approach (p<0.05) and total amount of social interac- 
tions (p<0.05). Follow/approach was significantly different 
between 4- and 8-week old isolated rats (p<0.05). Explora- 
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FIG. 2. Frequency of social interactions per 2 minutes. Filled sym- 
bols indicate 7-day isolated animals (1), open symbols group-housed 
animals (S). Rats were tested in pairs with a partner with same 
housing background (I-I or S-S) (A,A) or with a partner of different 
housing background (I-S) (@,O). Data of 12 observations are given 
as mean score versus time of testing, vertical bars indicate S.E.M. 
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tion partner/anogenital investigation was not significantly in- 
creased in 4 week old rats after 7 days of isolation. 


DISCUSSION 


The present experiments show that frequencies of social 
interactions are increased in short-term isolated rats as com- 
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FIG. 3. Correlation diagram comparing frequency and duration (sec) 
of social interactions of 7-day isolated rats tested with a group- 
housed rat (n=25). 


pared to group-housed animals, when the rats are put back in 
a situation with a conspecific. No obvious differences be- 
tween 7-day isolated and group-housed animals were found 
in locomotor activities nor in general exploratory behaviors 
when testing was performed in an open field, and ambula- 
tions were scored per 5 minutes. Consistently, Gentsch et al. 
[14] reported no differences in ambulation between 7-day 
individual housed and group-housed rats. Although an in- 
crease in ambulation during the social interaction test was 
observed between isolated and group-housed rats, when 
they were tested with a conspecific of a similar housing 
background, no difference in ambulation was present when 
an isolated rat was tested with a group-housed partner. Thus 
the increase in social activity is a specific increase in gregari- 
ousness and not due to a general hyperactivity of the isolated 
animals, as is reported to occur after prolonged isolation 
although this response has been questioned [5, 6, 13, 14, 30]. 
The duration of the isolation period therefore may be impor- 
tant for changes in locomotor activities (see also [28]). An- 
other variable that should be taken in account is the age of 
the animals at the onset of the isolation period, since differ- 
ences were observed between social behavior of rats isolated 


TABLE 2 


SOCIAL INTERACTIONS OF GROUP-HOUSED (S) AND OF 4-DAY ISOLATED (I) ANIMALS 
UNDER 3 DIFFERENT TEST CONDITIONS 





S-S 


Time of Testing Light (8) 


S-I I-I 
(2x5) (8) 





9:00 a.m.—1:00 p.m. white 21.3 + 33° 
9:00 a.rm.—1:00 p.m. red 28.9 + 2.1 
7:00 p.m.-—10:30 p.m. red 32.4 + 3.9 
F=3.05 
n.s. 


35.6 + 4.1 
34.9 + 2.3 


16.8 + 5.8 - 37.8+7.8 
21.0 + 1.1 - 36.3 + 3.0 
31.2+2.9 - 44.0 + 4.6 36.1 + 3.6 

(AI-S) F(1,24)=29.77, p<0.001 F=0.04 


(cond). F(2,24)=4.68, p<0.025 n.s. 





Tested were S-S, S-I and I-I groups. 


Statistical analysis was performed using a two way analysis of variance [25] for the S-I and one way 


analysis of variance for S-S and I-I groups. 


Numbers in parentheses refer to the number of animals in each group. 


*Mean + SEM. 





TABLE 3 
EFFECT OF HABITUATION ON SOCIAL INTERACTIONS 





p-value 


Test Pairs S-] AI-S 





<0.001 
<0.01 
<0.01 
<0.05 


22.6 + 2.6 - 44.6 + 2.5 
¥ Thon hab 22.0 ° - 47.8 8.2 
Tnab 72 3 . - 57.0 + 9.5 
29.0 + 0.5 - 48.6 + 8.5 


Shap be Tnap 
Spon hab 
S 


non-hab 


hab = Laon hab 





Mean social interactions + S.E.M. of pairs (n=2 6) of 7-day iso- 
lated (1) and group-housed (S) rats. 

Animals were habituated to the test cage (hab) or not (non-hab) on 
the 2 days prior to experimentation. 

Tested were I-S pairs. 

Statistical analysis was performed by two way analysis of vari- 
ance. 


at 4 weeks and that of rats isolated at 8 weeks after birth (see 
also [3]). 

The difference in social activities between isolated and 
group housed rats reached a maximum after 4 to 7 days of 
isolation; repeated testing with the same test partner de- 
creased this enhancement. A few other studies have shown 
that short term isolation increased social interattraction of 
rats in dyadic encounters but this effect was apparent only 
after repeated testing because habituation to the test cage 
interfered with social interactions [18,24]. This apparent dis- 
crepancy may be due to different test methods i.e., measur- 
ing interindividual distances instead of frequencies. Open 
field experiments showed more ambulations of I-animals 
than S-animals during the 2nd and 3rd minute of the first 
trial; the sharp decline in ambulation of the S-animals from 
the first to the 2nd minute during the first trial is observed 
during the second trial in the I-animals. This could indicate a 
delayed habituation of I-animals to novel environments. 
Einon and Morgan [7] claimed a slower habituation to con- 
tacts with objects in the open field of isolated animals, but 
File [10] reported that a general impairment in the ability to 
habituate is not a characteristic of isolates. However, differ- 
ences in habituation to the testcage in individually and 
group-housed animals have been described in mice [1,15]. As 
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TABLE 4 


SOCIAL INTERACTIONS AS RELATED TO DURATION 
OF SOCIAL DEPRIVATION 





S-I 
(n=2x6) 





a. Isolation 
Period 
1-day 25.3 = 338 - M2 
4-days M2 = b.7 - FR 
7-days 22.7 + 2.6 - 49.0 
28-days 26.0 + 3.0 - 51.4 + 
F(1,40)=80.98 p<0.001* 
F(3,40)= 5.73 p<0.005* 


1-day 

10.9 ns. 
23.0 p<0.001 
26.3 p<0.001 
25.4 p<0.001 


b. Day of 
Testing 
day 7 
day 8 
day 9 


26.3 p<0.001 
19.0 p<0.05 
9.3 n.s. 


22.7 + 2.6 - 49.0 
22.3 + 3.8 - 41.3 + 
18.7 + 2.0 - 28.0 + 3 
(S) F=0.56 (I) F=5.05 
n.s. p<0.05 





a. Mean social interactions (+S.E.M.) of group-housed (S) and 
isolated (I) rats after different periods of social isolation of the iso- 
lated rats. Testing was done in 10 minute I-S encounters. *F value 
for difference between I and S animals; *F value for differences 
between isolation periods. 

b. Idem after repeated testing with the same partner on days 8 and 
9. Statistical analysis was performed using two-way analyses of 
variance and Student f-tests (n=number of animals). 


far as social interactions are concerned, a habituation effect 
during the 10-minute test period was not present in our ex- 
periment. In fact an increase in social interactions was ob- 
served in the I-animals, while no change over time was pres- 
ent in the S-rats. Also habituation to the test cage hardly 
affected the social interactions. Thus delayed habituation 
may not be an important factor in the effect of isolation on 
social interaction as measured under the present test condi- 
tions. 

Information about the causal factors or the underlying 
mechanisms of the increase in social behavior of the single 


TABLE 5 
EFFECT OF 7-DAY ISOLATION ON SOCIAL INTERACTIONS OF ANIMALS AT 4 AND 8 WEEKS AFTER BIRTH 





Animals 4 Weeks Old 
AI-S 


Behavioral 
Item S-I 


Animals 8 Weeks Old 


p-values S-I AI-S 





Exploration partner 
Anogenital 
investigation 

Mounting) 

Social Grooming 

Following/ 
Approach 

Kicking 


12.6 








Total Amount of 
Social Interactions 


p<0.01 p<0.001 





Tested were pairs of one group-housed (S) and one isolated (I) animal during 10 minutes. Differences were tested with Student’s f-test. In 
both groups 6 pairs were tested. 
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housed rats is not available as yet, although social depriva- 
tion likely is an important factor and endorphins, e.g., have 
been implicated in social interactions [9, 22, 23]. The hierar- 
chic status in the group seems to be less important in this 
respect, since the group-housed rats were randomly selected 
as partner for the isolated rats. 

A fairly good correlation between frequency of social in- 
teractions and time spent in social contact of the isolated 
animals was observed. Thus the present procedure is very 
well comparable with experiments measuring interaction 
time. However, the present procedure yields more informa- 
tion about qualitative aspects of the isolated animals’ behav- 
ior. 

In conclusion, the present model is very sensitive, re- 


825 


producible in a rather small group of animals, the behavioral 
changes are apparent already after a short period of isolation 
and extinction of the isolation effect can be investigated. Of 
particular interest is the test situation in which an isolated rat 
is tested with a group-housed conspecific, because then little 
if any aggressive like behavior occurs, and the rate of ambu- 
lation of the rats hardly differ. The method thus seems very 
promising for further studies on the effect of short-term iso- 
lation in rats. 


ACKNOWLEDGEMENT 


We thank Emilie Bloemarts for her skillful technical assistance. 


REFERENCES 


. Benton, D. and P. F. Brain. Behavioral and adrenocortical re- 
activity in female mice following individual or group housing. 
Devl Psychobiol. 14: 101-107, 1981. 

. Brain, P. F. What does individual housing mean to a mouse? 
Life Sci. 16: 187-200, 1975. 

. Brain, P. F. and D. Benton. What does individual housing mean 
to a researchworker? JIRCS Med. Sci. 5: 459-463, 1977. 

. Brain, P. F. and D. Benton. The interpretation of physiological 
correlates of differential housing in laboratory rats. Life Sci. 24: 
99-116, 1979. 

. Dalrymple-Alford, J. C. and D. Benton. Activity differences of 
individually and group-housed male and female rats. Anim. 
Learn. Behav. 9: 50-55, 1981. 

. Dalrymple-Alford, J. C. and D. Benton. The effect of social 
isolation of the rat on open field activity and emergence. Behav. 
Processes 6: 283-290, 1981. 

. Einon, D. F. and M. J. Morgan. A critical period for social 
isolation in the rat. Dev! Psychobiol. 10: 123-132, 1977. 

. Elliot, O. and J. P. Scott. The development of emotional dis- 
tress reactions to separations in puppies. J. genet. Psychol. 99: 
3-22, 1961. 

. File, S. E. Naloxone reduces social and exploratory activity in 
the rat. Psychopharmacology 71: 41-44, 1980. 

. File, S. E. Exploration, distraction and habituation in rats 
reared in isolation. Devil Psychobiol. 11: 73-81, 1978. 

. File, S. E. and J. H. Pope. Social interaction between drugged 
and undrugged rats. Anim. Learn. Behav. 2: 161-164, 1974. 

. Gardiner, S. M. and T. Bennett. The effect of short-term isola- 
tion on systolic blood pressure and heart rate in rats. Med. Biol. 
55: 325-329, 1977. 

. Garzon, J., J. A. Fuentes and J. del Rio. Antidepressants selec- 
tively antagonize the hyperactivity induced in rats by long term 
isolation. Eur. J. Pharmac. 59: 293-296, 1979. 

. Gentsch, C., M. Lichtsteiner, K. Kraeuchi and H. Feer. Differ- 
ent reaction patterns in individually and socially reared rats dur- 
ing exposures to novel environments. Behavil Brain Res. 4: 
45-54, 1982. 

. Goldsmith, J. F., P. F. Brain and D. Benton. Effects of the 
duration of individual or group housing on behavioural and ad- 
renocortical reactivity in male mice. Physiol. Behav. 21: 757- 
760, 1978. 

. Grant, A. C. An analysis of the social behavior of the male 
laboratory rat. Behaviour 21: 260-283, 1963. 

. Hansen, S. Mounting behavior and receptive behavior in devel- 
oping female rats and the effect of social isolation. Physiol. 
Behav. 19: 749-752, 1978. 

. Harkins, S., L. A. Becker and D. C. Wright. Gregariousness 
and aggression in wild and domestic rats. Bull. Psychon. Soc. 4: 
119-122, 1974. 


19. Harlow, H. F. and M. K. Harlow. Social deprivation in mon- 
keys. Scient. Am. 207: 136-147, 1962. 

20. Latané, B., H. Cappell and V. Joy. Social deprivation, housing 
density and gregariousness in rats. J. comp. physiol. Psychol. 
70: 221-227, 1970. 

. Lovely, R. H., R. R. Paganano and R. M. Paolina. Shuttle box 
avoidance performance and basal corticosterone levels as a 
function of duration of individual housing in rats. J. comp. 
physiol. Psychol. 81: 331-335, 1972. 

. Panksepp, J. Brief social isolation, pain responsivity and mor- 
phine analgesia in young rats. Psychopharmacology 72: 111- 
112, 1980. 

. Panksepp, J. and P. Bishop. An autoradiographic map of *H- 
diprenorphine binding in rat brain: effects of social interaction. 
Brain Res. Bull. 7: 405—410, 1981. 

. Popalawsky, A., D. A. Johnson and D. Popalawsky. Quantita- 
tive and qualitative measures of open field social behavior in the 
rat. Bull. Psychon. Soc. 3: 360-362, 1974. 

. Rohlf, F. J. Two way ANOVA with replications. In: Biometry, 
2nd edition, edited by R. R. Sokal and F. J. Rohlf. San Fran- 
cisco: W. H. Freeman, 1969. 

. Shapiro, S. S. and M. B. Wilk. An analysis of variance test for 
normality. Biometrika 52: 591-611, 1965. 

. Thoa, N. B., Y. Tizahi and D. M. Jacobowitz. The effect of 
isolation on catecholamine concentration and turnover in dis- 
crete brain areas of the rat brain. Brain Res. 131: 259-269, 1977. 

. Timmermans, P. J. A. Social behaviour in the rat. Unpublished 
thesis, Nijmegen, The Netherlands, 1978. 

. Valzelli, L. Aggressive behaviour induced by isolation. In: Ag- 
gressive Behaviour, edited by S. Garattini and E. B. Sigg. 
Amsterdam: Excerpta Medica, 1969, pp. 70-76. 

. Valzelli, L. Social experience as a determinant of normal behav- 
ior and drug effect. In: Handbook of Psychopharmacology, 
edited by L. L. Iverson, S. D. Iverson and S. H. Snyder. New 
York: Plenum Publishing, 1977. 

. Weinstock, M. and Z. Speiser. The effect of dl-propanolol, 
d-propanolol and practolol on the hyperactivity induced in rats 
by prolonged isolation. Psychopharmacologia 30: 241-250, 
1973. 

. Welch, B. L., D. G. Brown, A. S. Welch and D. C. Lin. Isola- 
tion restrictive confinement or crowding of rats for one year. I. 
Weight, nucleic acids and protein of brain regions. Brain Res. 
75: 71-84, 1974. 

. Weynen, J. A. W. M. and J. L. Slangen. Effects of ACTH- 
analogues on extinction of conditional behavior. In: Progress in 
Brain Research, vol. 32, edited by D. De Wied and J. A. W. M. 
Weynen. Amsterdam: Elsevier, 1970. 








Physiology & Behavior, Vol. 29, pp. 827-832. Pergamon Press, 1982. Printed in the U.S.A. 


Sensory and Metabolic Feedback 
in the Modulation of Taste Hedonics 


S. SCHERR AND K. R. KING' 
Allegheny College, Meadville, PA 16335 


Received 12 April 1982 


SCHERR, S. AND K. R. KING. Sensory and metabolic feedback in the modulation of taste hedonics. PHYSIOL. 
BEHAV. 295) 827-832, 1982.—One hundred and twenty-five college students were fed a small preload composed of 
common foods which were either solid or liquid, sweet or non-sweet, and high or low in energy content. At 15-minute 
intervals following the preload subjects rated the intensity and pleasantness of either a sweet or a non-sweet test stimulus. 
Pleasantness reductions (alliesthesia) were observed following all preloads but were significantly larger in the high-calorie 
groups. In addition, solid preloads were found to provoke greater hedonic shifts than liquid preloads. While intensity 
ratings paralleled those for pleasantness, no correlation between the two was apparent. The results point to a metabolic 
explanation for the hedonic declines in the test stimuli. Nutrient (perhaps carbohydrate) detectors in the upper GI tract are 
proposed to trigger both central and peripheral changes which underlie the changes in pleasantness and intensity judge- 


ments. 
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IT is a common experience that food tastes better when one 
is hungry and becomes less pleasant with satiety. The fact 
that the pleasantness of tastes, odors, and other stimuli var- 
ies with the metabolic state of the organism has been exper- 
imentally demonstrated by Cabanac and his associates who 
have dubbed the phenomenon ‘‘alliesthesia’’ [2,3]. While not 
all studies agree that this is a robust phenomenon [6,19], the 
basic finding has been replicated in a number of laboratories 
[8,9]. It’s existence is also supported by work showing that 
metabolic imbalances affect actual taste sensitivity [4] as 
well as alter hunger and food intake [1, 12, 13]. 

It has proved difficult to apply these findings to the con- 
trol of normal ‘‘everyday’’ food intake in humans. The main 
reason for this is that most past studies have suffered from 
methodological constraints greatly limiting their applicabil- 
ity. Some of the more important of these limitations are: (1) 
the use of glucose or sucrose solutions as “‘foods”’ [3, 8, 19], 
(2) the use of liquid meals [12,18], (3) the use of deprivation 
periods far longer than normal meal-to-meal intervals [5,19], 
and (4) the use of overweight subjects [6,12]. 

Recently, Rolls and her colleagues have reported a series 
of studies which in great measure have corrected for these 
limitations. Using normal-weight subjects who were fed 
everyday foods while on their customary eating schedules, 
they showed that alliesthesia does in fact occur in realistic 
food-intake situations [15]. Moreover, they found that under 
certain circumstances this alliesthesia is specific to a particu- 
lar food or class of foods. Since this ‘‘sensory-specific sati- 
ety’’ occurs within minutes of eating, these workers go on to 
suggest that it is probably mediated by sensory or cognitive 
factors [15]. Cabanac and his co-workers, however, have 





argued that their results point more to a metabolic 
explanation—that is, that changes in the hedonic value of a 
stimulus follow slowly upon the post-ingestional effects of 
the food [2,3]. While these divergent explanations may stem 
in part from very different methodologies, the nature of the 
basic feedback mechanisms involved remains an important 
and unresolved question (see [11,14]). 

It was the primary purpose of this experiment to investi- 
gate the question of whether local feedback from meal inges- 
tion (sweetness, texture, or total volume) or feedback from 
hormonal, neural, or metabolic consequences of food in the 
gut is the major stimulus for alliesthesia. This was investi- 
gated by measuring alliesthesia after subjects had consumed 
preloads varying widely in both texture (solid vs liquid) and 
in energy values. In addition, it was our purpose to investi- 
gate the specificity of alliesthesia. Here the goal was to de- 
termine if the type of preload (sweet vs non-sweet) has spe- 
cific effects on the pleasantness of either a sweet or a non- 
sweet test stimulus. This manipulation was also designed to 
discover if alliesthesia is particular to the sweet taste as some 
have asserted [6]. Finally, the experiment was designed so as 
to more closely approximate a natural feeding situation. 
Both the preloads and the test stimuli were familiar foods, 
subjects were all of normal weight, and testing occurred at 
times of naturally-occurring hunger. 


METHOD 


The general research paradign used was one in which 
subjects first rated a test food’s pleasantness and intensity. 
This was followed by ingestion of a small meal (preload) and 
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TABLE | 
PHYSICAL AND NUTRITIONAL CHARACTERISTICS OF PRELOADS AND TEST STIMULI 





Nutritional Composition (Dry Wt.) 


Volume 
Foods (cc) (g) 


Weight 


Food Energy 
Joules/g 


Protein Fat Carbohydrate 


(%) (%) (%) 





Solid Preloads 
High-Energy Sweet 
(yellow-cake) 
High-Energy Non-Sweet 
(cornbread) 
Low-Energy Sweet 
(saccharin-cake) 
Liquid Preloads 
High-Energy Sweet 
(sugar-milk) 
High-Energy Non-Sweet 
(protein-milk) 
Low-Energy Sweet (saccharin-milk) 
Test Stimuli 
Sweet 
(vanilla pudding) 
Non-Sweet 
(mashed potatoes) 
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then repeated re-ratings of the test stimulus over the course 
of the following hour. 

One hundred and twenty five (60 men, 65 women) under- 
graduate students (ages 18-22 yrs) from Allegheny College 
were tested at 10:00 p.m. (22:00 hr) after being given prior 
instructions to fast following their normal evening meal (com- 
pleted by 6:00 p.m. (18:00 hr) in all cases). The testing time was 
chosen on the basis of the observation by both authors that 
college students often report hunger arising about that time. 
All participants were judged (by the experimenters) to be of 
approximately normal weight and none reported any recent 
weight changes or food-related problems. The subjects, who 
were tested in groups of 5 to 15, were first asked to taste one 
of two test stimuli (roughly 2 cc of either vanilla pudding or 
mashed potatoes served on tiny plastic spoons at 21° C). The 
test stimuli were selected so as to be of equal consistency, 
opposites with respect to sweetness, and neither entirely 
solid or liquid. The subjects then rated both the intensity and 
the pleasantness of the stimuli on a 5-point scale similar to 
that used by Cabanac [2]. Values on this scale range from —2 
(very unpleasant or very weak) through 0 (neutral hedonic 
tone or moderate intensity) to +2 (very pleasant or very 
intense) in single-unit steps. This and all subsequent ratings 
were written by the subjects on separate slips of paper which 
were immediately collected by the investigators. 

Immediately following this initial rating subjects were 
given one of six preloads to eat, or in the case of the control 
group, no preload. The preloads were prepared (from com- 
mon grocery products) so as to be either solid or liquid (cake 
vs a milk-based drink), high or low in energy content (sugar 
vs saccharin used in recipe), and to be either a normally 
sweet or non-sweet food. All preloads were selected so as to 
be common foods likely to be part of the subjects’ experi- 
ence (see Table | for descriptions and nutritional composi- 


tion). Much care was taken to keep both the solid and liquid 
preloads equal (within groups) with respect to appearance, 
volume, and where appropriate, sweetness and energy con- 
tent. The solids were cut into nine bite-size pieces which the 
subjects were asked to eat individually (and at a moderate 
pace) with a fork. Liquids were presented in large glasses 
and consumed through straws (again, at a moderate pace). 
Five minutes were made available for consumption but most 
subjects finished within the first two minutes. 

At four 15-minutes intervals following ingestion of the 
preload the subjects were again asked to rate the test 
stimulus. They were allowed to swallow the test stimulus, 
but rinsed thoroughly with water after each trial. During the 
free time between trials the subjects filled out a taste ques- 
tionnaire concerned with their eating habits and recent body 
weight history. After completing the four post-preload rating 
trials, subjects were excused but asked to return one week 
later at which time they repeated the same procedure but 
with the other test stimulus. Throughout the experiment the 
subjects were run in a counterbalanced fashion with respect 
to the two different sessions and the two different test stim- 
uli. 


RESULTS 


Analyses were performed primarily on change in pleas- 
antness or change in intensity scores. Such scores were cal- 
culated by subtracting the initial rating of the test stimulus 
from its final rating one hour later. In this way, if a stimulus 
became less pleasant over time (‘‘negative’’ alliesthesia), the 
change was reflected in a negative score. Because there is 
good reason to doubt that these types of ratings meet the 
assumptions of parametric testing, normal approximations to 
both the Mann-Whitney U (to compare different preload 
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FIG. 1. Mean cumulative change in pleasantness ratings of test 
stimuli at 15-minute intervals following ingestion of various pre- 
loads. 


groups) and the Wilcoxon (to compare the same subjects on 
the two test stimuli) tests were used throughout (see [17]). 

An overview of the major group differences is presented 
in Fig. 1. Here, with the data from both the liquid and solid 
groups as well as for the sweet and non-sweet test stimuli 
combined, one can see the development of alliesthesia over 
time. When comparisons were made between groups with 
respect to total alliesthesia, it was found that both the high- 
energy sweet and the high-energy non-sweet groups 
produced significant effects relative to the control group 
(z=2.19, p<0.05; z=2.04, p<0.05). In addition, the high- 
energy sweet group induced a significantly greater allies- 
thesia than the low-energy sweet group (z=1.69, p<0.05, 
one-tailed). The low-energy sweet and control groups were 
not found to differ and the two high-energy groups were not 
significantly different. To summarize, alliesthesia was 
greatest in the high-energy groups, intermediate in the low- 
energy group, and minimal in the control group. 

A similar series of analyses were performed on the inten- 
sity data, with similar results (see Fig. 2). The low-energy 
sweet group did not differ significantly from the control 
group, but both of the high-energy groups did show signifi- 
cant intensity decreases when compared to the control group 
(z=2.25, p<0.05; z=2.34, p<0.02). Only the high-energy 
non-sweet group, however, was significantly different from 
the low-energy group (z=1.73, p<0.05, one-tailed). The two 
z-values less than 2.0 are not as sure but it would seem that 
there is sufficient theoretical and empirical background to 
make a one-tailed hypotheses acceptable here. Interestingly, 
the total decline in intensity ratings was found to be signifi- 
cantly less than that seen for the pleasantness ratings 
(meanp=—0.93, Mean,=—0.47; z=2.73, p<0.01). Despite 
the fact that the intensity and pleasantness ratings followed 
parallel courses over the one hour test period (see Figs. | and 
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FIG. 2. Mean cumulative change in intensity ratings of test stimuli at 
15-minute intervals following ingestion of various preloads. 


2), pairs of individual pleasantness and intensity ratings 
showed no correlation whatsoever (Spearman r=.029). 

When an analysis was conducted on the data from the 
solid vs liquid preload groups, the solid preloads proved the 
more potent in inducing alliesthesia (Mean,=—0.85, 
Mean, = —0.55; z=2.40, p<0.02). However, when the data 
were broken down into the specific preload groups (see Fig. 
3), this effect could only be shown significant for the low- 
energy sweet groups (z=2.30, p<0.05). 

In examining the question of whether a sweet or non- 
sweet preload produces a preferential alliesthesia for a test 
stimulus of similar taste, no relationship could be found; in 
fact, pleasantness declines were nearly identical for each 
group. It was apparent, however, that the pudding test 
stimulus underwent a much greater decline in pleasantness 
than did the potato stimulus (—1.03 vs —0.41). This quite 
significant difference (z=2.64, p<0.01) apparently indicates 
that alliesthesia operates more profoundly upon a sweet 
stimulus. Further analysis showed, however, that this effect 
could be attributed entirely to differences in the initial ratings 
of these stimuli. While pudding was initially rated at a level 
of 1.12, potatoes were initially rated at only a level of 0.20. 
Figure 4 illustrates that if one groups individuals according to 
their initial ratings of the stimuli and then looks only at the 
alliesthesia in groups which gave the stimuli comparable 
ratings, equal change scores are seen. 

Finally, with regard to the questionnaire data, analysis of 
sex differences, body weight differences, and variations in 
eating habits (such as the presence of a ‘‘sweet tooth,”’ etc.) 
revealed no significant effects (or even enticing trends). 


DISCUSSION 


The results indicate that the ingestion of normal everyday 
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FIG. 3. Mean 1-hour change in pleasantness ratings of test stimuli 
following ingestion of various solid or liquid preloads. 
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FIG. 4. Mean total change in pleasantness ratings seen in subgroups 
of subjects divided according to initial (before preload) ratings of the 
two test stimuli. Since no subjects initially rated potatoes at +2 or 
pudding at —2, no data are shown for those conditions. 


foods can lead to decreased pleasantness ratings for foods 
other than those eaten. These findings support work by Rolls 
and her colleagues [15] demonstrating that satiation 
produced by eating a particular food leads to an immediate 
(within 2 minutes) alliesthesia for that food and foods similar 
to it. Our results differ from Rolls’ in part because the foods 
eaten were not consumed to the point of satiety, the foods 
tested were different from those preloaded, and testing oc- 
cured at much longer post-prandial intervals. The alliesthesia 
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seen in this experiment developed quite slowly (taking an 
hour) and was completely non-specific—that is, alliesthesia 
for the sweet or non-sweet stimulus was not preferentially 
produced by either the sweet or non-sweet preload. These 
differences point to the possibility of two different kinds of 
alliesthesia. One type (seen by Rolls et a/.) may serve to 
decrease the pleasantness of the food being consumed and 
thus promote consumption of a variety of foods (as well as 
lead ultimately to a cessation of eating). The other variety 
(seen in this experiment) could serve to inhibit eating subse- 
quent to completion of a meal by reducing the perceived 
pleasantness of all foods. Rolls [15] believes that while the 
process she recorded is probably mediated by either sensory 
or cognitive factors, other mechanisms are probably also 
involved. A sensory explanation is needed not only in order 
to understand the immediate nature of the effect, but also to 
explain its specificity. Any attempt to attribute this specific- 
ity to feedback from the gut would force one to make the 
rather unreasonable argument that metabolic feedback is 
available in as many varieties as there are food classes. 

By contrast, much of what was found in this study points 
to a metabolic (neural-hormonal) form of mediation. Since 
this experiment was similar to others [2, 3, 9] in finding that 
alliesthesia develops over the course of an hour (and then 
declines—Heimberger and King, unpublished), cognitive 
and sensory factors are unlikely stimuli (although some may 
have been present in the 15 minutes before the first ratings 
were given). Rather, this form of temporal buildup suggests 
an inhibition stemming from the consequences of food in the 
gut. The finding that high-energy preloads produce greater 
alliesthesia than low-energy preloads (thus corroborating 
previous findings, e.g., [20]) is strong evidence for an effect 
dependent upon feedback from energy content. Since every 
attempt was made to keep the preloads (within classes) iden- 
tical in size, color, and taste, the variable of energy value 
would not likely be open to detection by either cognitive or 
sensory means. (While a pilot group of subjects did find the 
saccharin-based cake to taste slightly different from the 
sugar-based cake, both were judged as equally palatable). 
Since the subjects were not tested as to whether or not they 
could detect differences in food energy values, these con- 
trols cannot rule out the possibility of feedback of a percep- 
tual or sensory nature. Nevertheless, because such a 
possibility was minimized a metabolic explanation may be 
more appropriate. The most obvious possibility is that this 
alliesthesia was produced by absorption of the preload calo- 
ries into the blood [2]. This is unlikely, however, because the 
preloads followed (by 4 hours) the large evening meal which 
would have obscured the relatively small differences in the 
energy values of the preloads. For this same reason it is also 
unlikely that the preloads were more than partially emptied 
from the stomach in the 1-hour period [18]. A second 
possibility, that the sensory stimulation involved in eating 
provoked reflexive physiological responses, such as the re- 
lease of insulin [10], is to be doubted because these effects 
would most likely be quite similar for all preloads, especially 
for those of similar taste. A third, and more likely explana- 
tion, is that the preloads differentially activated gastric or 
duodenal nutrient detectors. Cabanac and Fantino [3] ob- 
served that alliesthesia appears to be dependent upon the 
concentration of carbohydrate in the upper GI tract. This is 
in accord with animal work demonstrating gastric and 
duodenal sensitivity to various nutrients [11]. More recently 
Deutsch and his colleagues have argued that gastric disten- 
tion also plays a key role in the inhibition of food intake. 
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They found, however, that in the absence of feedback from 
distention (due to vagotomy) the stomach still seems able to 
signal the presence of food [5]. It is quite unlikely that stom- 
ach distention played a substantial role in this study since the 
relevant preloads were of equal volumes and were all rela- 
tively small in size. 

The hypothesis of a receptor population responding to 
total carbohydrate (and perhaps protein, but not fat, see [3]) 
concentration if supported in two ways by these data. First, 
the high-energy groups which produced the greaest allies- 
thesia were in almost all cases the highest in carbohydrate 
concentration (see Table 1). Second, the solid preloads (as a 
group) were followed by significantly more alliesthesia than 
were the liquid preloads—this despite the fact that the liquids 
were of greater volume. This finding may be due to the fact 
that the solid preloads were composed of substantially more 
carbohydrate (79% vs 49%). An examination of Fig. 3 makes 
it readily apparent that the higher carbohydrate concentra- 
tions in each of the three main groups is in every case asso- 
ciated with the greater alliesthesia. Alternately, it might also 
be reasonably argued that the solid preloads had the more 
pronounced effect because of the greater amount of sensory 
feedback (i.e., chewing, salivation, swallowing, etc.) in- 
volved in their ingestion (see [12]). While this explanation 
cannot be discounted, the presence of the high-energy vs 
low-energy difference makes the nutrient-detector hypoth- 
esis the more likely. 

The mechanism(s) by which these putative signals from 
the gut affect taste hedonics is as yet unknown. One 
possibility is that actual taste sensitivity may somehow be 
altered. Previous investigators have shown that satiety can 
alter taste judgements [4] and even affect the firing rates of 
taste afferents [16]. Although Mower and his co-workers [9] 
showed that intensity judgements of olfactory stimuli are 
unaffected by preloads, it has been well established that re- 
ductions in sugar concentrations (and thus intensity ratings) 
in sweet solutions lead directly to lowered hedonic ratings 
[8]. One must ask if the reduced intensity ratings seen after 
the preloads in this study might not have been responsible 
for the lowered pleasantness ratings. The pattern of results 
would seem to say no. While the overall intensity decreases 
were significant and paralleled the pleasantness ratings, it 
was impossible to demonstrate even the slightest correlation 
between the two measures. Scattergram plots of both the 
absolute ratings and of the changes in ratings revealed no 
hint of a linear or curvilinear trend. One can only conclude 
from this that the intensity and hedonic decreases must re- 
flect separate processes. One intriguing possibility is that 
intensity changes stem from decreased sensitivity in gusta- 
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tory afferents [16], while pleasantness changes are a reflec- 
tion of centrally-mediated processes (perhaps involving re- 
ward pathways) [14]. Another possibility is that the common 
finding that people show widely different response patterns 
to solutions of varied intensity [8,9] may also turn out to be 
true for judgements on foods. Examination of these data 
revealed only that subjects respond in nearly every imagin- 
able pattern and that clarification of this point will have to 
await further research. 

The final finding of interest in this study was the fact that 
test stimuli initially rated as more pleasant undergo greater 
hedonic declines. This corroborates Rolls’ [15] discovery 
that the initial hedonic rating of a substance correlates posi- 
tively with the degree of subsequent alliesthesia. Analysis of 
our results not only revealed this tendency for positive 
ratings to move down toward neutrality (rating of 0), but also 
a corresponding tendency for initially negative ratings to 
move up toward neutrality. While not statistically signifi- 
cant, this finding of a *‘positive’’ alliesthesia (for unpleasant 
foods) raises the possibility that the phenomenon of allies- 
thesia may be bidirectional. Perhaps the ingestion of a meal 
leads to a general decline in an organism's affective response 
to food, regardless of whether that response is positive or 
negative. It has been well established that deprivation [7] and 
weight loss [13] lead to increased affect toward food (making 
good foods taste better and bad ones taste worse); this pro- 
posal is simply its complement. The hypothesis of bidirec- 
tionality has heuristic value if one considers that the brain 
regions subserving both positive and negative emotional re- 
sponses are intimately associated with both motivational cir- 
cuits and with nuclei involved in modulation of activity in the 
GI tract [14]. The demonstration that hypothalamic neurons 
may cease firing in response to a particular food after it is 
ingested [14] leads easily to the suggestion that these neural 
changes might mediate changes in aversion as well as in 
attraction. A bidirectional mechanism may not be necessary 
in the ‘‘real world’’ (animals, after all, rarely eat foods that 
are aversive), but may exist simply as a consequence of the 
evolution of a mechanism utilizing affect to modulate food 
intake. 

Whatever explanations ultimately prove to be true, it 
seems certain that the eating of food leads not only to im- 
mediate, but also long-lasting changes in people’s enjoyment 
of it. These changes very probably stem, at least in part, 
from the consequences (neural and hormonal) of the food’s 
arrival in the upper GI tract. The net result of these changes 
is to reduce the organism’s responsiveness to food and thus 
inhibit initiation of a second meal. 


REFERENCES 


. Bray, G. A., R. E. Barry, J. R. Benfield, P. Castelnuovo- 
Tedesco and J. Rodin. Intestinal bypass surgery for obesity de- 
creases food intake and taste preferences. Am. J. clin. Nutr. 29: 
779-783, 1976. 

. Cabanac, M. Physiological role of pleasure. Science 173: 1103- 
1107, 1971. 

. Cabanac, M. and M. Fantino. Origin of olfacto-gustatory allies- 
thesia: Intestinal sensitivity to carbohydrate concentration? 
Physiol. Behav. 18: 1039-1945, 1977. 

. Goetzl, F. R., A. J. Ahokas and J. G. Payne. Occurrence in 
normal individuals of dirunal variations in acuity of the sense of 
taste for sucrose. J. appl. Physiol. 2: 619-626, 1950. 

. Gonzalez, M. F. and J. A. Deutsch. Vagotomy abolishes cues of 
satiety produced by gastric distention. Science 212: 1283-1284, 
1981. 


6. Grinker, J. A., J. M. Price and M. R. C. Greenwood. Studies of 
taste in childhood obesity. In: Hunger: Basic Mechanisms and 
Clinical Implications, edited by D. Novin, W. Wrywicka and G. 
Bray. New York: Raven Press, 1976, pp. 441.457. 

. Jacobs, H. L. and K. N. Sharma. Taste versus calories: sensory 
and metabolic signals in the control of food intake. Ann. N. Y. 
Acad. Sci. 157: 1084-1125, 1969. 

. Moskowitz, H. R., V. Kumraiah, K. N. Sharma, H. L. Jacobs 
and S. D. Sharma. Effects of hunger, satiety, and glucose load 
upon taste intensity and taste hedonics. Physiol. Behav. 16: 
471-475, 1976. 





832 


2: 


Mower, G. D., R. G. Mair and T. Engen. Influence of internal 
factors on the perceived intensity and pleasantness of gustatory 
and olfactory stimuli. In: The Chemical Senses and Nutrition, 
edited by M. R. Kare and O. Maller. New York: Academic 
Press, 1977, pp. 104-118. 


. Nicholaidis, S$. Early systemic responses to orogastric stimula- 


tion in the regulation of food and water balance: Functional and 
electrophysiological data. Ann. N. Y. Acad. Sci. 157: 1176- 
1203, 1969. 


. Novin, D. and D. A. VanderWeele. Visceral involvement in 


feeding: There is more to regulation than the hypothalamus. In: 
Progress in Psychobiology and Physiological Psychology, vol. 
7, edited by J. Sprague and A. Epstein. New York: Academic 
Press, 1977, pp. 193-241. 


. Pliner, P. L. Effect of liquid and solid preloads on eating behav- 


ior of obese and normal persons. Physiol. Behav. 11: 285-290, 
1973. 


. Rodin, J., J. Slochower and B. Fleming. Effect of degree of 


obesity, age of onset, and weight loss on responsiveness to sen- 
sory and external stimuli. J. comp. physiol. Psychol. 91: 586- 
597, 1977. 


SCHERR AND KING 


. Rolls, E. T. and B. J. Rolls. Brain mechanisms involved in 


feeding. In: Psychobiology of Human Food Selection, edited by 
L. M. Barker. Westport, CT: A. V. I. Publishing Company, 
1981. 


. Rolls, B. J., E. T. Rolls, E. A. Rowe and K. Sweeney. Sensory 


specific satiety in man. Physiol. Behav. 27: 137-142, 1981. 


. Sharma, K. N., H. L. Jacobs, V. Gopal and S. Dua-Sharma. 


Nutritional state/taste interactions in food intake: Behavioral 
and physiological evidence for gastric taste modulation. The 
Chemical Senses and Nutrition, edited by M. R. Kare and O. 
Maller. New York: Academic Press, 1977, pp. 167-186. 


. Siegel, S. Nonparametric Statistics for the Behavioral Sciences. 


New York: McGraw-Hill, 1956. 


. Walike, B. C., H. A. Jordan and E. Stellar. Preloading and the 


regulation of food intake in man. J. comp. physiol. Psychol. 68: 
327-333, 1969. 


. Wooley, O. W., S. C. Wooley and R. B. Dunham. Can calories 


be perceived and do they affect hunger in obese and nonobese 
humans? J. comp. physiol. Psychol. 80: 250-258, 1972. 


. Wooley, O. W., S. C. Wooley and W. A. Woods. Effect of 


calories on appetite for palatable foods in obese and non-obese 
humans. J. comp. physiol. Psychol. 89: 619-625, 1975. 





Physiology & Behavior, Vol. 29, pp. 833-839. Pergamon Press, 1982. Printed in the U.S.A. 


A Mouse Model of Alcoholism 


HUUB RIJK, JOHN C. CRABBE' AND HENK RIGTER? 


CNS Pharmacology Department, Scientific Development Group 
Organon, Oss, The Netherlands 


Received 20 March 1982 


RIJK, H., J.C. CRABBE AND H. RIGTER. A mouse model of alcoholism. PHYSIOL. BEHAV. 295) 833-839, 1982.—A 
model of alcoholism should demonstrate self-administration of alcohol by the animal and a withdrawal syndrome when the 
animal no longer has access to the drug. A mouse model is described that meets these criteria and enables the induction of 
‘“‘alcoholism”’ in a large number of animals within a short period of time. Mice were injected daily with pyrazole, an 
inhibitor of alcohol dehydrogenase. The animals self-administered ethanol by inhaling vapour containing a relatively 
constant concentration of ethanol. Self-administration was voluntary: the mice could move to a chamber without ethanol 
vapour. During the first six days of each experiment, the animals were prompted to select the ethanol chamber by 
darkening that chamber. Most mice continued to self-administer ethanol without any prompting for at least 3 days; 
thereafter, preference for ethanol waned. Self-administration led to measurable levels of ethanol in blood and to the 
development of withdrawal when infusion of vapour was stopped. 
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THERE is a continuing need for practical animal models of 
alcoholism (alcohol dependence). Such models ideally 
should meet the rigorous requirements set by Cicero [1]: 

(1) Alcohol should be self-administered in pharmacologi- 
cally significant amounts. Preferably, alcohol should be con- 
sumed orally. The amounts of alcohol self-administered 
should exceed the metabolic capacity of the organism to 
such an extent that pharmacologically meaningful blood 
alcohol levels are achieved. Self-administration should be 
voluntary. 

(2) Tolerance should develop after a period of chronic 
self-administration. 

(3) A withdrawal syndrome should ensue upon cessation 
of alcohol intake. 

(4) Finally, there are a number of biomedical complica- 
tions associated with the chronic consumption of alcohol in 
man which should also develop in the animal model. 

In a critical review of existing models, Cicero [1] con- 
cluded that, although many animal models come close to 
meeting many of these criteria, at present no single paradigm 
has satisfied all of them. We believe that the principal weak- 
ness of most, if not all, methods is the failure to establish 
self-administration rapidly and practically. We now describe 
a mouse model of alcoholism that meets the first three 
criteria of Cicero in almost all respects; the fourth one has 
not yet been put to test. It is known that forced inhalation of 
ethanol may produce tolerance in mice [8], and withdrawal 
convulsions when administration of ethanol is stopped [7]. 
We have found that mice will voluntarily inhale the vapour 
when given the choice between staying in an ethanol 
chamber or in an air chamber. Sufficient amounts of ethanol 
are self-administered to produce measurable blood levels of 





the drug, tolerance and withdrawal convulsions. This paper 
will emphasize the methodological aspects, which will be 
illustrated with two experiments. Experiment 2 was largely a 
replication of Experiment 1, with the exception that self- 
administration was studied for a longer period of time. 


METHOD 
Subjects 


Eighty male Swiss randomly-bred albino mice from 
Broekman (Stiphout, the Netherlands) were used in each of 
the two studies. In addition, four groups of 19-20 mice of the 
same sex and strain served as controls for the assessment of 
withdrawal reactivity and for the measurement of blood 
alcohol levels. The animals weighed 30-35 g at the beginning 
of the experiments. 


Apparatus 

The apparatus consisted of two chambers each containing 
4 wire-mesh segments, connected by a bridge (Fig. 1). Each 
chamber was made of grey opaque plastic (PVC) with a 
transparent lid, and measured 1106040 cm. The feet of 
the bridge were placed 100 cm apart. The bridge was con- 
structed of PVC and wrapped with wire-mesh to afford a 
foothold for the mice. The lid of the chambers proceeded 
into a similarly transparent encasement of the bridge. The 
slopes of the bridge made an angle of 45° relative to the 
horizontal plane of the chambers. The top of the bridge, 
where the two slopes joined, was wedge-shaped. A 9 cm 
high, | mm thick stainless steel wall rose between the top of 
the bridge and the encasement. A 7X6 cm opening in the 
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middle of the wall, 2 cm from the top of the bridge, allowed 
passage from one slope to the other. Thus, the mice could 
use the bridge to move from one chamber to the other but not 
to escape from the apparatus. 

This particular apparatus was developed after testing of a 
few less successful prototypes. In a first prototype, the two 
chambers were connected at floor level by a horizontal 
transparent tube (5 cm diameter). The mice tended to huddle 
in heaps in the tube rather than to select one of the cham- 
bers. The slopes of the bridge used in the present study were 
sufficiently steep to prevent mice from settling down on 
them, but not too difficult to climb for moderately intoxi- 
cated animals. Moreover, with the bridge rising 12 cm above 
the level of the lid of the chambers, ethanol could not flow 
from one chamber to the other. The 2 cm ridge in the opening 
of the wall on top of the bridge was necessary to stop mice 
from lying with their bodies folded across the curvature of 
the bridge. 

The chambers and bridge were divided into four oblong 
segments of 30x20x13 cm. The segments were separated 
_ from each other by double wire-mesh partitions with 2 cm 
space in between. The wire-mesh partitions ran across the 
bridge, so that each segment extended into the other 
chamber. The segments had also wire-mesh floors. PVC 
drop pans filled with sawdust were inserted under the floors. 
The pans were removed once daily and cleaned. Mice had 
access to standard pelleted food and to water at both sides of 
each segment (i.e., in each chamber). Food was available 
from a trough and water from bottles fixed to the outside of 
the chambers with the spouts protruding to the inside. 


Establishment of Self-Administration 


At 10:00 a.m. on Day 1, the mice were injected IP with a 
priming dose of ethanol (1.25 g/kg), followed by pyrazole 
(68.1 mg/kg). A group of 20 mice was then placed in each 
segment at the side of the air chamber. The other chamber 
was denoted the ethanol chamber. Beginning 0.5 hr before 
placing the animals into the apparatus, ethanol vapour was 
delivered into the ethanol chamber throughout the experi- 
ment excepting daily breaks (see below). Air was led through 
a constant volume of absolute ethanol and from there to the 
chamber [10]. The flow rate of the vapour ranged between 
4 and 5 1/min, and was mixed with 12.5 1/min flow of 
pressurized air before being infused into the chamber. 
Pressurized air of the same flow rate (16.5—17.5 l/min) was 
led into the air chamber; this is an important precaution, not 
only to provide the animals with sufficient oxygen in both 
chambers, but also to prevent differences in air flow in both 
chambers which might influence the animals in selecting a 
chamber. In order to achieve an even distribution of vapour 
throughout the chamber, the vapour was led into a punctured 
tube (1.5 cm dia.) that ran along the inside perimeter of three 
sides of the chamber at a height of 30 cm and underneath the 
bridge at a height of 12 cm. Ethanol was sampled from the 
chamber every | or 2 hr during daytime and occasionally at 
night; its concentration was assayed gas chromatograph- 
ically. The samples were taken half-way up the chamber (35 
cm), using a vacuum pump. Determinations were made with 
a Packard 427 gas chromatograph with a thermal conductiv- 
ity detector (filament temperature: 300°C) and helium as the 
carrier gas with a flow rate of 10 ml/min. The temperature of 
the column was 170°C; detector and injection port tempera- 
ture was 200°C. A 2 m, 2 mm i.d. glass column packed with 
Porapak Q, 80-100 mesh (Waters) was used. Ethanol, 1% 
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(100% ethanol in acetone), was used as standard. Chamber 
ethanol concentrations ranging between 7 and 9 mg/l air were 
deemed acceptable. These concentrations produce tolerance 
and, upon cessation of alcohol inflow, withdrawal convul- 
sions [10] but are not so high, that ataxia ensues during inha- 
lation of vapour. If a concentration appeared to be lower 
than 7 mg/l or higher than 9 mg/l, the rate of flow of vapour 
was adjusted. 

At 8:00 a.m. each day, from Day 2 onwards, the mice 
were taken from the apparatus for 2 hr. During that period, 
the chambers were cleaned, ethanol vapour was redirected 
into the new ethanol chamber, and the animals were injected 
IP with the standard dose of pyrazole before being placed in 
the air chamber. A random schedule was used for determin- 
ing which chamber was to be filled with ethanol vapour for a 
particular day, with the restriction that no chamber was to be 
allotted to the ethanol condition for more than 2 days in 
succession. 

We have noted that mice, in the absence of ethanol, 
readily develop a preference for one of the two chambers. 
This position preference was quite strong in pilot experi- 
ments, and appeared to be partly associated with an uneven 
light influx in the two chambers. Therefore the light bulbs in 
the experimental room were placed exactly above the ridge 
of the bridge, assuring equal illumination of the chambers. 
The day-night cycle in our experiments was 12:12 hr (lights 
on at 6 a.m.). The influx of light into both chambers, meas- 
ured at the foot of the bridge, was 150 lux on the average 
during daytime, and 10 lux during night. 

The tendency of mice to adopt a position preference may 
hinder or confound the development of self-administration. 
To counteract this tendency, we expressly introduced a 
dark-light difference between the two chambers for the first 
six days of the experiment. During this period, the lid of the 
ethanol chamber was covered with an opaque plastic plate. 
The resulting darkness induced the mice to select the ethanol 
chamber, irrespective of its position on a particular day. On 
Day 7, the cover was removed. The unprompted selection of 
the ethanol chamber by the mice during the subsequent part 
of the experiment (Days 7 through 10 for Experiment |; Days 
7 through 13 for Experiment 2) was considered evidence for 
voluntary self-administration. At hourly intervals, beginning 
at 11:00 a.m. (that is, | hr after placement of the mice in the 
apparatus) through 16:00 p.m., the number of mice from 
each segment staying in the ethanol chamber and the number 
of mice staying in the air chamber were scored. The distri- 
bution of mice was also counted at 8:00 a.m. each day, prior 
to the daily break. In addition, the mice were scored at a 
number of nightly hours on Day 10. 


Measurement of Withdrawal Convulsions 


At 8:00 a.m. on Day 11 of Experiment 1, the mice were 
taken from the apparatus. Except for the mice used for 
measuring blood ethanol levels (see below), all animals were 
subjected to convulsion testing, starting immediately after 
withdrawal and continuing at hourly intervals for up to 6 hr 
after withdrawal. Withdrawal convulsions were scored with a 
slightly modified version of Goldstein’s method [4]. Convul- 
sions were induced by handling of the mice. A score of 1 was 
given to animals displaying a tonic convulsion when lifted by 
the tail and turned gently 180°C. A score of 2 was assigned when 
a more intense tonic-clonic convulsion was elicited by the 
turning. Scores of 3 and 4 were given to tonic-clonic convul- 
sions not requiring any turning, with a score of 4 assigned to 
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FIG. 1. View of the two chambers and the interconnecting bridge. The figure shows the four segments running 


across the bridge. 


violent convulsions. Withdrawal convulsions were also 
scored for all of the mice from Experiment 2. This was done 
on Day 14, immediately after withdrawal, and 3-7 hr later at 
hourly intervals. 


Measurement of Blood Ethanol Levels 


On Day 11 of Experiment 1, 15 mice (2-5 per segment) 
were randomly picked from among those animals staying in 
the ethanol chamber at the time of withdrawal. In addition, 6 
mice (3 from one segment; 3 from another) were randomly 
taken from the number of animals present in the air chamber. 
All the selected mice were immediately decapitated, 0.5 ml 
trunk blood was collected in a heparinized cup and was im- 
mediately frozen on dry ice. Blood samples were treated as 
previously described [2]. Determinations were made with a 
Perkin-Elmer F-30 gas chromatograph and a Perkin-Elmer 
autosampler AS 41 with a flame ionization detector and ni- 
trogen as the carrier gas at a flow rate of 40 ml/min. The 
temperature of the column was 180°C; detector and injection 
port temperature was 250°C. A 2 m, 4 mm inside diameter 
glass column was packed with Porapak Q, 80 to 100 mesh 
(Waters) and conditioned by heating overnight at 200°C with 
carrier gas flow. Peak areas were determined using the Var- 
ian Chromatography Data System 240. 


Statistical Analyses 


For the self-administration data, it was assumed that if 
mice neither preferred nor avoided the ethanol, 50% of the 


animals would be in the ethanol chamber at any given time. 
One score was derived for each test day for each segment by 
averaging the hourly distributions for that day. When 50% or 
more of the mice from one segment (averaged over repeated 
hourly counts) selected the ethanol chamber on a testing 
day, a + score was assigned; for less than 50%, a — score 
was given. Thus, for 3 testing days and 4 segments a total of 
12 + scores would signal flawless selection of the ethanol 
chamber by the majority of the animals in each segment. 
Deviation from chance level was tested with the x*-one 
sample test. It should be noted that social bonds are not a 
confounding factor in this analysis. If mice in a segment were 
to choose as a group one or the other chamber, a chance 
distribution of + and — scores would be expected across 
days if ethanol were not a reinforcing agent. In fact, we know 
from unpublished control studies that if both chambers con- 
tain either ethanol or air, mice as a group developed a posi- 
tion preference. That is, they settled down each day in either 
the left or the right chamber. If mice from the present exper- 
iments would have done the same, a chance number of + 
scores would have been recorded (6 in the above example). 

The withdrawal data were analyzed as follows. The mean 
convulsion score and corresponding standard error were cal- 
culated at each point and plotted to show the time course of 
the withdrawal reaction. Differences between subgroups of 
mice were evaluated for each time point with a modified 
x”-test [11]. Differences in mean levels of ethanol in blood 
between subgroups of animals were analyzed by means of a 
two-tailed Student’s f-test. 
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FIG. 2. Median percentage of mice preferring the ethanol chamber 
in Experiment | and 2. The data points are the median percentages 
of ethanol-selecting mice across all segments and all times of obser- 
vation for a particular day. The bars represent semi-interquartile 
ranges. 


RESULTS 
Ethanol Self-Administration 


When mice are housed in an ethanol chamber from which 
no escape is possible and thus forcedly exposed to concen- 
trations of ethanol vapour similar to those used in the present 
experiments, they will develop tolerance and, upon cessa- 
tion of ethanol treatment, withdrawal convulsions [10]. The 
method described here offered the mice an escape route, but 
during the first six days of the experiments the dark-light 
difference between the ethanol and the air chambers 
prompted the animals to select the former as their principal 
territory. This “‘priming’’ procedure was highly successful. 
At virtually all times of observation during these first six 
days, more than 85-90% of the mice from each segment were 
present in the (dark) ethanol chamber. When placed in the air 
chamber at the beginning of each day, mice would explore 
both chambers for about 30-60 min and then settle down to 
sleep in the ethanol chamber. During daytime hours, a 
mouse would occasionally wake up and move from the 
crowded ethanol chamber to the quiet air chamber to eat or 
drink. These short excursions accounted for the fact that at 
many times of observation a few mice were seen in each 
segment of the air chamber. At night, these short excursions 
were more frequent. Nevertheless at any one time more than 
85% of the mice were in the ethanol chamber. 

The self-sought exposure to ethanol during the first six 
days resulted in the death of a few animals, | or 2 mice from 
three out of four segments (a total of 4 animals in both 
studies). During the testing period, no further deaths oc- 
curred. 

The actual test of self-administration, the unprompted 
selection of ethanol chamber, was begun on Day 7. In Exper- 
iment 1, preference testing was continued through Day 10, 
and in Experiment 2 through Day 13. In both studies, the 
median percentage of mice continuing to prefer the ethanol 
chamber was 90% or more during the first three testing days 
(Days 7-9; Fig. 2). When the data from Days 7-9 were sub- 
mitted to statistical analysis, mice were shown to select the 
ethanol chamber significantly above chance level (both ex- 
periments: x?=8.3, df=1, p<0.01). Also, when a more 
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FIG. 3. Median percentage of mice preferring the ethanol chamber 
in Experiment | for each time of observation during daytime. 


rigorous criterion was set (e.g., a + score when 75% or 
more of the mice selected ethanol, and a — score for all lower 
values), preference was significant in both experiments: 
x?=5.3, df=1, p<0.05. Thus, the animals maintained the 
preference for ethanol established during the six priming 
days. 

This preference for ethanol was stable for all daytime 
hours of observation (Fig. 3) and was consistent for mice in 
all segments. Separate analyses of selection of the ethanol 
chamber for all daytime hours of observation indicated sig- 
nificant self-administration of ethanol (x?>S5.1, df=1, 
ps<0.05) on Day 7, Day 8 and Day 9 of both studies. Figure 3 
shows a tendency for the mice from Experiment | to begin to 
select the ethanol chamber somewhat later on Days 8 and 9 
than on Day 7 (cf. the 11:00 a.m. observation); a similar 
trend was apparent in Experiment 2 (data not shown). 
Whether this is a meaningful phenomenon remains to be seen 
in future experiments. 

The diurnal rhythm in motility and other behaviours of 
mice led us to observe the animals also at night. Nightly 
observations were scheduled on the fourth testing day (Day 
10) of both studies. Preference for the ethanol chamber was 
already declining (Fig. 2). Figure 4 shows that the majority of 
the mice from Experiment | preferred the ethanol chamber 
on Day 10 both during daytime and at night. Mice from three 
of the four segments continued to select the ethanol chamber 
consistently; mice from the fourth segment started to avoid 
this chamber. Figure 4 further suggests that mice from Ex- 
periment 2 oscillated on Day 10 between the ethanol and the 
air chambers. This oscillatory pattern was mainly due to 
mice from two of the four segments from this study; animals 
from the third segment stayed in the ethanol chamber, while 
from the fourth segment no more than 58% of the mice at any 
one time selected the ethanol chamber. Mice from two seg- 
ments from Experiment 2 (one of the “‘oscillating’’ groups 
and the low-preferring group) reverted to a position prefer- 
ence on the subsequent testing days (Days 11-13). Mice from 
the other two groups continued to prefer the ethanol 
chamber on Day 11, but preference dropped below chance 
level (40% of the mice or less staying in the ethanol chamber) 
on Days 12-13. Thus, it appears that mice are able to learn to 
locate and select an ethanol box but that preference is not 
permanent under the present experimental conditions. 
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FIG. 4. Median percentage of mice preferring the ethanol chamber on Day 10 of 
Experiment | and 2 for each time of observation during daytime and night. The 


bars represent semi-interquartile ranges. 
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FIG. 5. The time course of withdrawal reactivity for mice from 
Experiment 1. Data points are mean convulsion scores; bars are 
standard errors of the mean. The upper curves are for mice from the 
experimental group. There are separate curves for mice that were in 
the ethanol chamber (n=52) and the air chamber (n=11), respec- 
tively, at the time of withdrawal (left panel). A different grouping 
involved the mice from the three segments with ethanol preference 
continued through the last day of testing (“‘high-preference’’, n=44), 
and mice from the fourth segment whose preference declined on the 
last day of testing (‘‘low-preference’’, n=19) (right panel). In both 
panels the results are shown for control mice that did not have 
access to ethanol but had been given daily injections with either 
saline (crosses) or pyrazole (triangles) (n=20 each). For the sake of 
clarity, the standard errors of the mean are not shown for the data 
points of the control groups; these values ranged between 0 and 
0.13. 


Chamber Ethanol Concentrations 


Ethanol concentrations each day were kept within the set 
range, 7-9 mg ethanol/l air. Ethanol concentrations were 
fairly constant during daytime, and up to midnight. How- 
ever, in both studies, the average concentration measured at 
8:00 a.m. was lower than the average concentration meas- 
ured between 11:00 a.m.—16:00 p.m. (Experiment 1, 8.0+0.1 
vs. 7.3+0.2 mg/l air, 1(49)=3.50, p<0.01; Experiment 2, 
8.8+0.2 vs. 7.2+0.5 mg/l air, 1(30)=3.02, p<0.01). Ethanol 
concentration in the air chamber was lower than 0.1 mg/l air 


when mice were absent from the chamber, but occasionally 
rose to values of 1-2 mg/l air, when the animals made excur- 
sions to the air chamber. 


Withdrawal 


The time course of withdrawal reactivity for mice from 
Experiment | is illustrated in Fig. 5. Separate curves are 
shown for mice that were in the ethanol chamber and the air 
chamber, respectively, at the time of withdrawal (left panel). 
A different way to group the data was to compare the mice 
from the three segments where ethanol preference continued 
through the last day of testing (irrespective of where they 
were at the time of withdrawal), and mice from the fourth 
segment, whose preference for ethanol declined on the last 
day of testing (right panel). Most mice had withdrawal con- 
vulsions, but there were no significant differences between 
subgroups at any time or across all times of measurement, 
except for 6 hr after withdrawal (¢(61)=2.41, left panel, 
p<0.05; 1(61)=4.20, right panel, p><0.001). This was due to 
large variations in scores within groups and the small number 
of mice in the ‘‘air’’ and the *‘low-preference”’’ groups. Also, 
it is possible that the time period during which withdrawal 
convulsions were followed was too short; the curves in Fig. 5 
only start to part at the end of the testing period. 

The average convulsion score for control mice that had 
not received ethanol but only daily injections with either 
saline or pyrazole never rose above 0.30 (shown in both 
panels). These control groups were clearly different from the 
experimental (sub-) groups at all times of testing (fs>2.36, 
p<0.05), except for some of the comparisons at the 6 hr time 
point. 

Mice from Experiment 2 also displayed withdrawal con- 
vulsions (overall average peak score: 1.95+0.13). 

The mice from the “‘low-preference’’ segment of Experi- 
ment | had low blood ethanol levels, whether or not they 
were present in the ethanol chamber at the time of with- 
drawal (0.03+0 mg/ml, n=2; and 0.25+0.12, n=3, range: 
0.02-0.38, respectively). The mice from the three “‘high- 
preference’’ segments had higher blood ethanol levels, 
whether or not they were in the ethanol chamber at the time 
of withdrawal (mean+s.e.m.: 0.60 + 0.11 mg ethanol/ml 
blood, n=13, range: 0.03—1.3; and 0.56 + 0.06, n=3, range: 
0.46-0.68, respectively). The difference between the pooled 
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animals from the ‘‘high preference’’ segments and the pooled 
animals from the ‘‘low-preference’’ segment was significant 
(t(19)=3.50, p<0.01). 

In a separate control study, ethanol was infused into both 
chambers. One group of mice was thus forcedly exposed to 
ethanol vapour for 7 days, and another group for only the last 
day. At the end of exposure, blood ethanol levels were 0.34 
+ (0.1 and 1.61 + 0.1 mg/ml blood, respectively (t(38)=9.07, 
p<0.001). 


DISCUSSION 


The mouse model of alcoholism described here satisfies 
most of the criteria put forward by Cicero [1]. Mice selected 
the ethanol chamber consistently during priming and the first 
three or four days of testing. It could be argued that, since 
we placed the mice in the air chamber following the daily 
break each day, selection of the ethanol chamber was noth- 
ing more than escape from the site where the animals were 
placed. However, we have also found similar selection of the 
ethanol chamber when mice are placed in the ethanol 
chamber itself. Moreover, mice placed in a chamber do not 
simply escape to the other chamber but they intensely ex- 
plore both chambers for about 30-60 min. Finally, in control 
experiments we have found that when ethanol is infused in 
one of the chambers, saline- or pyrazole-treated mice do not 
flee from the site where they are placed. These animals 
adopted a position preference which on some days coincided 
with the chamber in which they were placed and on other 
days with the other one (Rigter, unpublished results). 

A second argument against self-selection of ethanol could 
be that during the first part of the experiments the mice 
became too intoxicated to easily cross from the ethanol to 
the air chamber. During the later part of the experiments, 
then, tolerance might have developed, rendering the mice 
sufficiently mobile to avoid the ethanol chamber. This argu- 
ment is not supported by the data. First, the mice were not 
ataxic, even not on the first days of exposure to ethanol 
vapour, and they were able to cross from one chamber to the 
other. This was assessed in pilot studies and was apparent in 
the present experiments from the excursions that mice made 
to the air chamber. Second, there was a daily break of 2 
hours, presumably producing a fall in blood ethanol levels. 
After the break the mice were placed in the air chamber. 
Far from settling down in the air chamber, the mice fre- 
quently crossed from one chamber to the other during a burst 
of intensive exploration and then consistently selected the 
ethanol chamber. It is difficult to see how intoxication could 
explain this behavioral pattern. Thus, the consistent selec- 
tion of the ethanol chamber in the experiments described 
here is probably not an artefact, but rather a learned re- 
sponse associated with the reinforcing property of ethanol. 

The blood levels found were lower than those from our 
earlier studies using similar concentrations of ethanol vapour 
to which mice were forcedly exposed for 3 days (Rigter e# al. 
[10]: 2.8 mg/ml blood). The opportunity for periodic escape 
from ethanol vapour in the studies reported here may ac- 
count for some of this difference. In addition, the present 
data indicate that mice exposed to ethanol vapour for 7 days 
had lower blood alcohol levels than mice which were only 
exposed to ethanol vapour for the last day (0.34 vs. 1.60 
mg/ml blood). This apparent metabolic tolerance could be 
due to increased metabolism of ethanol or pyrazole, or both 
[5]. Thus, it would seem that the blood levels of ethanol 
found in Experiment | could be higher if one corrects for 
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increased metabolism. This could be done by gradually rais- 
ing the ethanol concentration in the vapour. Even without 
correction, the blood levels of ethanol may be considered 
satisfactory for a rodent model of self-administration. There 
were mice with levels as high as 1.3 mg/ml blood. There were 
also many animals with (far) lower levels. This may reflect 
individual differences in reactivity to ethanol or differences 
in metabolism. Such variations may eventually be used to 
select animals with varying degrees of susceptibility to ef- 
fects of ethanol. 

When ethanol inflow was stopped, ethanol-exposed mice 
developed convulsions to a clearly greater extent than 
ethanol-naive control animals. This is interpreted as a sign of 
withdrawal reactivity. There were substantial individual 
differences in withdrawal severity among subjects. Mice that 
were in the air chamber at the time of withdrawal tended to 
display less severe convulsions than animals from the 
ethanol chamber. However, this tendency was not statisti- 
cally significant, probably because of large variations in his- 
tory of self-administration of ethanol among the mice taken 
from the air chamber. A mouse that was found in the air 
chamber at the time of withdrawal might still have sampled 
ethanol vapour for long or frequent parts of the day or night 
preceding withdrawal; such a mouse might even have been 
continuously in the ethanol chamber. Clearly, withdrawal 
severity can only be related to history of self-administration 
if behaviour of individual mice can be monitored and re- 
corded. 

Monitoring of the behaviour of individual mice is a dif- 
ficult feat to accomplish. In order to recognize mice among 
heaps of conspecifics under the present conditions, the 
chambers would have to be opened at each time of observa- 
tion, thus disturbing the animals. We are sure that during 
priming (Day |-6) and during the first three days of testing 
(Days 7-9) all mice preferred the ethanol chamber since the 
mice occasionally noticed in the air chamber were seen to 
return to the ethanol chamber after they stopped eating or 
drinking. However, on Day 10 or later, when group cohe- 
siveness often fell apart, it was virtually impossible to 
monitor the coming and going of individual mice or to tell 
which mice preferred or avoided the ethanol chamber. Obvi- 
ously, this is a relevant question and we are now looking for 
ways to score the behaviour of individual mice. 

This brings us to another point: the important of social 
behaviour. It may be that “‘opinion-leaders”’ induce a whole 
group of mice to select or avoid ethanol. The possible contri- 
bution of social factors to the results observed here, has, of 
course, consequences for statistical analysis. Each group of 
mice should be considered as one super-mouse, yielding one 
data point per observation. Although we have analysed the 
findings accordingly, it should be noted, however, that social 
bonds are not all-important: they might help to establish 
self-administration in large numbers of mice, but group 
cohesiveness may fall apart under certain conditions (Fig. 4). 
The role of social factors remains to be studied in systematic 
fashion. 

Reports of inhalation experiments suggest that widely 
varying concentrations of ethanol vapour have been used in 
these studies [6]. These variations may reflect differences in 
sensitivity to ethanol among the various strains of mice or 
rats studied, but they may also be due in part to differences in 
sampling methods. We took samples of ethanol half-way up 
the chamber and not close to the inlet of vapour. Moreover, 
some reports have failed to mention if ethanol was sampled 
from chambers with or without animals, although this is of 
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obvious importance. We found a somewhat lowered concen- 
tration of ethanol in the ethanol chamber early in the morn- 
ing (8:00 a.m.), compared with samples taken during the 
middle of the day. This could be due to the increased motility 
of the mice during the night. The animals might have carried 
ethanol in their fur, or exhalate, to the air chamber, thus 
reducing the concentration in the ethanol chamber. At any 
rate, ethanol concentrations were always clearly higher in 
the ethanol chamber (7-9 mg/l air) than in the air chamber 
(1-2 mg/l air at most). We have looked for ways to further 
reduce the ethanol concentration in the air chamber. This 
could be done by enhanced ventilation of the air chamber but 
we have found that the resulting draught causes mice to 
avoid the air chamber. We decided to enhance ventilation of 
the air and the ethanol chamber to the same extent, and in 
such a way that ethanol concentrations in the ethanol 
chamber are not affected while ethanol concentrations in the 
air chamber are reduced to virtually zero levels. Under these 
conditions, mice still select consistently the ethanol chamber 
(Rigter, unpublished findings). 

The model we report largely meets Cicero’s [1] first three 
criteria for an animal model of alcoholism. Regarding his 
fourth criterion, we do not know if chronic self- 
administration of ethanol vapour produces biomedical com- 
plications, such as liver and brain damage, since we have not 
yet tested this. Presumably, for such complications to occur, 
self-administration would need to be continued for longer 
periods of time than in the present experiments. We used a 
fixed range of ethanol concentrations across priming and 
testing days. It may be that preference diminishes because of 
the development of metabolic tolerance, and that preference 
can be extended when ethanol concentrations are gradually 
raised. We are presently testing this possibility. However, it 
should be noted that there is no reason why mice should 
maintain preference permanently. It becomes increasingly 
clear that many human alcoholics oscillate between periods 
of excessive self-administration and periods of abstinence 
[3,9]. 

Cicero [1] proposed that animals, in a relevant model of 
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alcoholism, should drink the alcohol. Clearly, our model 
does not meet this possible requirement. However, it is 
questionable whether this is prohibitory. Attempts to de- 
velop rodent drinking models of alcoholism generally have 
not been completely successful [1]. If the oral route of 
ethanol consumption would be an absolute requirement, we 
expect that animal models, if feasible at all, will be either 
time-consuming or expensive (e.g., using primates). 

Another possible limitation is the use of pyrazole since 
this inhibitor of the metabolism of ethanol has a number of 
side effects [6]. However, pyrazole is important for the main- 
tenance of stable blood alcohol levels. The results from un- 
published control experiments indicated that pyrazole- 
treated mice did not differ substantially from saline-treated 
mice in shuttling between chambers when no ethanol vapour 
was infused. Also, pyrazole itself could not explain the se- 
vere convulsions seen in many ethanol-withdrawn mice. 
Thus, it is unlikely that pyrazole is an insurmountably con- 
founding factor in the present model. Nevertheless, we are 
looking for ways to omit pyrazole treatment. As in studies of 
ethanol withdrawal [6], it may be possible that self- 
administration will develop in mice that are not injected with 
pyrazole but are exposed to higher concentrations of ethanol 
for longer periods of time than used so far. 

In conclusion, self-administration of ethanol vapour, with 
resulting tolerance and withdrawal reactivity, may be used 
as a model of alcoholism. The methods described here are 
not yet perfect. Possible amendments are: deletion of 
pyrazole treatment, automatic control of ethanol concentra- 
tions in air during day and night, monitoring of behaviour of 
individual mice, and construction of more segments to in- 
crease power of statistical analysis. In addition, a string of 
more than two chambers cound be made, with one air 
chamber and a number of chambers with different concen- 
trations of ethanol. Thus, the animals would not be forced to 
make an all-or-none choice between ethanol and air, but 
would be able to titrate their ethanol sampling behaviour 
according to their level of preference. 


REFERENCES 


. Cicero, T. J. Alcohol self-administration, tolerance and with- 
drawal in humans and animals: theoretical and methodological 
issues. In: Alcohol Tolerance and Dependence, edited by H. 
Rigter and J. C. Crabbe. Amsterdam: Elsevier/North-Holland 
Biomedical Press, 1980, pp. 1-51. 

. Crabbe, J. C., H. Rigter, J. Uijlen and C. Strijbos. Rapid devel- 
opment of tolerance to the hypothermic effect of ethanol in 
mice. J. Pharmac. exp. Ther. 208: 128-133, 1979. 

. Edwards, G. The alcohol dependence syndrome: usefulness of 
an idea. In: Alcoholism. New Knowledge and New Responses, 
edited by G. Edwards and M. Grant. London: Croon and Helm, 
1977, pp. 136-156. 

. Goldstein, D. B. Relationship of alcohol dose to intensity of 
withdrawal signs in mice. J. Pharmac. exp. Ther. 180: 203-215, 
1972. 

. Goldstein, D. B. Rate of onset and decay of alcohol physical 
dependence in mice. J. Pharmac. exp. Ther. 190: 377-383, 1974. 


6. Goldstein, D. B. Inhalation of ethanol vapor. In: Alcohol 
Tolerance and Dependence, edited by H. Rigter and J. C. 
Crabbe. Amsterdam: Elsevier/North-Holland Biomedical Press, 
1980, pp. 81-92. 

. Goldstein, D. B. and N. Pal. Alcohol dependence produced in 
mice by inhalation of ethanol: grading the withdrawal reaction. 
Science 172: 288-290, 1971. 

. Grieve, S. J. and J. M. Littleton. The rapid development of 
cellular tolerance to ethanol in mice. J. Pharm. Pharmac. 31: 
605-610, 1979. 

9. Pattison, E. M., M. B. Sobell and L. C. Sobell. Emerging Con- 
cepts of Alcohol Dependence. New York: Springer, 1977. 

10. Rigter, H., H. Rijk and J. C. Crabbe. Tolerance to ethanol and 
severity of withdrawal in mice are enhanced by a vasopressin 
fragment. Eur. J. Pharmac. 64: 53-68, 1980. 

. Yates, F. The analysis of contingency tables with groupings 
based on quantitative characters. Biometrika 35: 1978, 1948. 








Physiology & Behavior, Vol. 29, pp. 841-846. Pergamon Press, 1982. Printed in the U.S.A. 


Central, as Well as Peripheral Naloxone 
Administration Suppresses Feeding in 
Food-Deprived Sprague-Dawley 
and Genetically Obese (Zucker) Rats 


J. A. THORNHILL, B. TAYLOR, W. MARSHALL AND K. PARENT 


Department of Physiology, Health Sciences Building 
University of Saskatchewan, Saskatoon, Saskatchewan Canada S7N OWO 


Received 23 January 1982 


THORNHILL, J. A., B. TAYLOR, W. MARSHALL AND K. PARENT. Central, as well as peripheral naloxone 
administration suppresses feeding in food-deprived Sprague-Dawley and genetically-obese (Zucker) rats. PHYSIOL. 
BEHAV. 2%5) 841-846, 1982.—Food intake over 90 min post-injection was studied in groups of food deprived (20 hr) 
female Sprague-Dawley (S.D.) rats, fatty Zucker (fa/fa) rats and their heterozygous lean litter mates (Fa/fa) of various ages, 
that bar-pressed for food pellets on a FR-1 schedule following a subcutaneous (SC) or an intracerebroventricular (IVT) 
injection of sterile saline or naloxone HCI. Subcutaneous injections of naloxone HCI (10 mg/kg) reduced feeding in all three 
groups of rats compared to SC saline; in addition, a greater percentage reduction in food intake over the whole 90 min test 
period occurred in the fa/fa rats given SC naloxone compared to the Fa/fa group. Intracerebroventricular naloxone (50 
ug) decreased feeding over the initial 30 min period in the S.D. and Fa/fa rats but a 100 wg IVT dose was needed to reduce 
feeding in the fa/fa group. The results demonstrate that central naloxone administration can suppress feeding in both 
non-obese and obese strains of rats as it is known to do when given peripherally. These findings add yet further evidence to 
the premise that endogenous opioid peptides may play an intricate and important physiological role in the regulation of 


feeding behavior. 
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FROM different lines of evidence over the past few years it 
has been suggested that endogenous opioid peptides play a 
physiological role in feeding behavior. Endogenous opioids, 
like B-endorphin [15,28] given centrally cause feeding to in- 
crease in rodents, even when they are already satiated [9]. 
IVT injections of dynorphin [19], enkephalins [28], as well as 
morphine [13,23] have also been found to cause food intake 
of rodents to be enhanced. The results of those central ad- 
ministration studies have been similar to those found when 
any of a number of narcotic analgesics (morphine, heroin, 
codeine, levorphanol) have been chronically administered to 
rats via subcutaneous injections [24-26]. 

On the other hand, opioid antagonists, such as naloxone 
given to opiate-naive animals, decrease feeding in non- 
deprived [2, 4, 5] and food-deprived rodents [2, 3, 6] as well 
as in rats made obese by hypothalamic lesions [12] or in- 
duced to eat by stress (tail pinch) [18]. In addition, genet- 
ically obese rats and mice, which are themselves hyper- 
phagic and have increased pituitary and plasma levels of 
B-endorphin [8], decrease their food intake and central and 
peripheral B-endorphin concentrations upon naloxone or nal- 
trexone administration more than their lean litter mates 
[14,22]. Conversely, it has been claimed [7] that fasting in 


rats over a three-day period can reduce the hypothalamic 
concentration of B-endorphin. 

To date, almost all the naloxone studies undertaken to 
demonstrate its suppression of food intake in rodents have 
been done by peripheral administration. Yet, this drug’s 
appetite-reducing effects have been proposed to be mediated 
by affecting central mechanisms [20] since analogs of opioid 
antagonists which do not cross the blood/brain barrier are 
ineffective in decreasing food or water consumption. Thus 
the purpose of the present investigation was to determine if 
central (IVT) injections of naloxone could suppress feeding 
in food-deprived Sprague-Dawley rats as well as various age 
groups of genetically-obese (Zucker) rats (fa/fa) and their 
lean litter mates (Fa/fa). The IVT naloxone effects on food 
intake of all groups are compared to the feeding effects seen 
when this opioid antagonist was given subcutaneously. 


METHOD 


Subjects 


Three different strains of rats of varying ages were used in 
this study. Drug naive female Sprague-Dawley (S.D.) from 
CBL Montreal, approximately 3 months of age (n=6, mean 
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FIG. 1. Mean grams of food eaten (+S.E.M.) over 90 min post-injection are shown for a group of 3-month old, food-deprived (20 
hr), Sprague-Dawley rats following a subcutaneous (SC) or intracerebroventricular (IVT) injection of saline (hollow bars) or 
naloxone HC] (shaded bars). Doses of naloxone HCI: SC (10 mg/kg) and IVT (50 yg). 


body weight (MBW) 335+12.0 S.E.M. grams) were used in 
the first experiments. In the second set of experiments drug 
naive female fatty Zucker rats (fa/fa) and their lean female 
heterozygous litter mates (Fa/fa) from Vassar College, 
Poughkeepsie, NY were purchased. Various age groups of 
fa/fa and Fa/fa rats were used: (a) ~7 weeks of age (fa/fa, 
n=7, MBW=128+11.3 S.E.M. grams; Fa/fa=8, MBW= 
104+2.5 S.E.M. grams) (b) ~3 months of age (fa/fa, n=6, 
MBW=167+12.2 S.E.M. grams; Fa/fa, n=6, MBW= 
131+4.4 S.E.M. grams) and (c) ~6 months of age (fa/fa, 
n=7, MBW=406+30.6 S.E.M. grams; Fa/fa, n=6, MBW= 
234+9.3 S.E.M. grams. 


Procedures 


These groups of rats were housed individually in a holding 
room which had a 12 hour on-off lighting schedule. Each 
S.D., Fa/fa and fa/fa rat of 3 months of age was implanted 
stereotaxically, under sodium pentobarbital anaesthesia (50 
mg/kg, IP) with a stainless steel cannula, the tip of which laid 
just above the left or right lateral cerebral ventricle with the 
use of a brain atlas [21]. After a 7-day recovery period the 
feeding experiments began. 

All rats of each group were placed in individual one-lever 
operant conditioning chambers (BRS/LVE) where they 
learned to bar-press (FR-1 schedule) for 45 mg food pellets. 
These chambers, equipped with water bottles, were within a 


temperature controlled room (22.0+1.0°C) which had a 12 
hour on-off lighting schedule. All rats learned quickly, usu- 
ally within one day how to obtain their food without food- 
depriving them beforehand. Food intake was monitored and 
recorded via resettable counters. Having learned how to 
bar-press for their food in the operant conditioning chambers 
rats were placed back in individual wire cages within the 
holding room where Purina Rat Chow and water were always 
available. 

Within 2-3 days after learning to bar-press, the Purina Rat 
Chow was removed from each rat’s cage for 20 hr but water 
was available ad lib. At the end of this 20 hr food deprivation 
period, each rat received either a subcutaneous (SC—total 
volume of 0.25 ml/100 g body weight) or a intracerebroven- 
tricular (IVT—total volume of 10 yl) injection, by gravity 
flow, of sterile saline (0.9%) or naloxone HCl. Naloxone 
HCl, dissolved in sterile saline, was given SC in a dose of 10 
mg/kg and IVT in concentrations of 50 or 100 wg. Rats re- 
ceived either saline or naloxone in random order. For the 
IVT experiments, data were only used from animals in which 
conspicuous CSF pulsations were seen upon drug infusion. 
After the SC or IVT injection of saline or naloxone, each rat 
was put into the operant conditioning chamber for 90 min- 
utes where they could bar-press for food. At the end of each 
15-minute period, the number of food pellets (45 mg) were 
recorded, having subtracted those pellets which had been 
bar-pressed for but not eaten. Rats were returned to their 
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FIG. 2. Mean grams of food eaten (+S.E.M.) over 90 min post-injection are shown for a group of 7-week-old, food-deprived (20 
hr) fatty, Zucker rats (fa/fa) and their lean litter mates (Fa/fa) following a SC injection of saline (hollow bars) or naloxone HC! (10 


mg/kg) (shaded bars). 


individual cages within the holding room at the end of 90 
minute test period. Interval between drug injections for each 
rat was 5 days. 

Statistical analysis of food intakes after saline or naloxone 
administration of the various groups of food-deprived rats 
were performed using a 2 factor analysis of variance 
(ANOVA). Percentage decrements in feeding over 90-minute 
post-injection were analysed using the Student’s f-test for 
unpaired data. Statistically significant changes in food intake 
were considered those where p was less than 0.05. 


RESULTS 


Figure | shows the mean food intake (+S.E.M.) over a 90 
minute post-injection period of 2 groups of Sprague-Dawley 
rats (about 3 months of age) following SC or IVT injections 
of saline or naloxone HCI. A 2-factor ANOVA of these data 
(route of injection vs drug given) revealed that naloxone 
administration (10 mg/kg, SC or 50 wg, IVT) significantly 
reduced the total 90-minute food intake in these animals 
compared to saline injections, F(1,.22)=15.27. With both 
routes of administration, naloxone significantly reduced the 
total food intake because of its suppressive effects during the 
initial 30, F(1,22)=9.67, and second 30-minute test intervals, 
F(1,22)=5.75. The route of administration (SC vs IVT) had 
no significant effect, F(1,22)=3.73, on food intake in these 
groups of rats. 

The feeding responses of young (7 week), food-deprived 
fatty Zucker rats and their lean litter mates are shown in Fig. 
2 following SC saline or naloxone administration. Analysis of 
these data (2 factor ANOVA—strain of rat vs drug given) 
indicated that naloxone (10 mg/kg SC) significantly de- 


creased, F(1,26)=59.34, food intake over 90 minutes post- 
injection in both fa/fa and Fa/fa rats compared to saline. 
Naloxone, in both strains of rats, reduced feeding during the 
first and second 30-minute test intervals, F(1,26)=8.08, and 
F(1,26)=5.56, respectively. Moreover, when looking at the 
decrement in food intake over 90 minutes in both rat strains 
when naloxone was injected compared to when saline was 
given, it was found that the percentage decrease in feeding 
for fa/fa rats (70.6+1.9% S.E.M.) was significantly greater 
than that of the Fa/fa group (61.0+2.0 S.E.M.). 

Figure 3 shows the feeding effects of SC saline and 
naloxone to food-deprived fa/fa and Fa/fa rats both 3 months 
of age. A two-factor ANOVA again revealed that naloxone 
caused a significant decrease in food intake over the entire 
90-min test period in both fa/fa and Fa/fa rats, compared to 
saline, F(1,20)=27.64, due to suppressed feeding during the 
initial 30 minutes post-injection, F(1,20)=6.75. Naloxone 
also caused a greater percentage reduction in feeding over 90 
min in the fa/fa rats (71.9+2.3% S.E.M.) compared to 
60.3+8.5% S.E.M. decrease for the Fa/fa group. 

The feeding effects of SC saline and naloxone to 
6-month-old, food deprived fa/fa and Fa/fa rats are shown in 
Fig. 4. Subcutaneous naloxone significantly suppressed feed- 
ing in both the Fa/fa and fa/fa groups over the whole test 
period, F(1,24)=75.94, due to a reduced food intake in the 
initial 30 minutes post-injection, F(1,24)=10.04. With SC 
naloxone, the fa/fa group again showed a significantly 
greater decrease in feeding compared to saline (68.4+ 1.4% 
S.E.M.), than the Fa/fa group (62.7+3.0% S.E.M.). 

The feeding effects of IVT administration of sterile saline 
or naloxone (50 or 100 yg) to fatty, Zucker rats and their lean 
litter mates are shown in Fig. 5. A two-factor ANOVA re- 
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FIG. 3. Mean grams of food eaten (+S.E.M.) over 90 min post-injection are shown for a group of 3-month old, food-deprived (20 
hr) fatty, Zucker rats (fa/fa) and their lean litter mates (Fa/fa) following a SC injection of saline (hollow bars) or naloxone HCI (10 
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FIG. 4. Mean grams of food eaten (+S.E.M.) over 90 min post-injection are shown for a group of 6-month old, food deprived (20 
hr) fatty, Zucker rats (fa/fa) and their lean litter mates (Fa/fa) following a SC injection of saline (hollow bars) or naloxone HCI (10 


mg/kg) (shaded bars). 
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FIG. 5. Mean grams of food eaten (+S.E.M.) over 90 min post-injection are shown for the group of 3 month old, food-deprived (20 
hr) fatty, Zucker rats (fa/fa) and their lean litter mates (Fa/fa) following a intracerebroventricular (IVT) injection of saline (hollow 
bars), 50 wg (shaded bars) or 100 yg (vertical striped bars) of naloxone HCl. 


vealed that IVT naloxone (100 wg) decreased the 90 min food 
intake of fa/fa rats, compared to IVT saline, F(2,31)=4.47, 
due to suppressed feeding in the initial 30 min post-injection, 
F(2,31)=5.05. The lower 50 yg injection of naloxone was 
ineffective in reducing feeding in the fa/fa group. With the 
Fa/fa rats, both 50 and 100 wg of naloxone evoked significant 
decreases in food intake over the initial 30 min of testing, 
F(2,31)=7.07 and F(2,31)=6.68, but feeding over the whole 
test period was not changed, due to enhanced feeding during 
the last hour of the experimental period, compared to that 
which occurred after IVT saline administration. 


DISCUSSION 


The present results show that peripheral (subcutaneous) 
administration of naloxone reduced feeding activity in a 
non-obese strain of rat (Sprague-Dawleys) that had been de- 
prived of food for 20 hr prior to the injection, a finding which 
has been reported earlier [2, 3, 10]. In addition, this investi- 
gation shows that SC administration of naloxone to food- 
deprived fa/fa or Fa/fa rats, of various ages, reduces their 
acute food intake as well. In all the non-obese and obese 
groups of rats, the SC 10 mg/kg dose of naloxone reduced 
food intake (via bar-pressing) over the whole 90 min test 
period by inhibiting, in most cases, feeding activity during 
the initial 30 min post-injection. The fa/fa rats, in all age 
groups used (7 weeks—6 months), showed a greater percent- 
age reduction in feeding compared to their lean litter mates 
(Fa/fa groups), a result that was similar to that previously 
found [14] when naloxone was administered peripherally to 
either genetically obese rats (fa/fa) or mice (ob/ob). It has 
been proposed [14,22] that animals with this genetic form of 
obesity, like fa/fa rats and ob/ob mice, which have elevated 
endogenous opioid peptide levels, also have increased sen- 
sitivity to administered opioid antagonists. 

IVT administration of naloxone was also capable of sup- 
pressing food intake in food-deprived Sprague-Dawley and 


fatty, Zucker rats. A 50 wg dose of naloxone significantly 
reduced food intake in the Sprague-Dawley and Fa/fa over 
the initial 30 min post-injection but 100 ug of naloxone was 
required to suppress feeding during this initial half-hour 
period in the fa/fa group. The Fa/fa rats did not decrease 
their food intake over the whole 90 min test period with 
either of the two IVT doses of naloxone used due to en- 
hanced rebound feeding over the last hour. This pattern of 
feeding would suggest that the effects of the IVT-injected 
naloxone had subsided. This appears reasonable in view of 
the known duration of effect for peripherally-administered 
naloxone [1,16]. However, the fa/fa rats did not exhibit an 
increased sensitivity toward the centrally-injected naloxone, 
as occurred with SC naloxone injections, for a 100 ug dose 
was required to significantly inhibit feeding for the whole 90 
min period. This is not to say that the food-suppressing effect 
of naloxone, given either peripherally or intracerebroven- 
tricularly does not act through affecting central food- 
regulating mechanisms but does suggest that its possible 
CNS anorectic effects are mediated at anatomical loci not 
readily diffusable from the walls of the ventricular system. 
Conversely, it may imply that naloxone evokes its food- 
suppressing effects through mainly peripheral opioid recep- 
tor tissue sites (i.e., gastrointestinal tract, pancreas). This 
could be feasible in view of the potent effects that both en- 
dogenous opioid peptides and narcotic analgesics have on 
gastrointestinal motility [27] and on pancreatic secretion of 
food and energy regulating hormones [11]. 

Due to the rather excessive IVT doses of naloxone re- 
quired to suppress feeding in the Sprague-Dawley and Fa/fa 
groups and especially in the fatty, Zucker strain of rats, it 
could be suggested that the effects seen with naloxone in 
those IVT experiments were not specific in nature. Yet, it 
should be emphasized that the 50 or 100 wg dose of naloxone 
used in this study for the IVT experiments did not produce 
any observable illness or malaise to any group of rats tested. 
Furthermore, it is felt that naloxone did not evoke its food- 
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suppressive effects because it affected the ability of the 
animals to bar-press for food, for bar-pressed but uneaten 
food pellets occurred after either saline or naloxone had been 
given. This directed effect of naloxone on appetitive behav- 
ior in rodents with little, if any, influence on their concomit- 
ant locomotor activity has also been shown in a recent study 
[4]. Moreover, in a previous study by the author [2], on the 
feeding effects of SC naloxone on food-deprived rats were no 
bar-pressing for food was required, naloxone also acutely 
but selectively suppressed food intake. Although it cannot be 
ruled out that naloxone was affecting other non-opioid recep- 
tors or neurotransmitter mechanisms, the increased concen- 
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tration required to inhibit feeding may have been due, as 
mentioned above, to the short duration of effect with IVT 
administration and/or to a CNS anatomical locus (i) that was 
distant to the ventricular system, which required higher ad- 
ministered concentrations of naloxone to be given, so that an 
eventual effective concentration reached those distant recep- 
tor sites. 
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GIL, K. M. AND M. I. FRIEDMAN. Caloric compensation following insulin administration in rats. PHYSIOL. BEHAV. 
295) 847-855, 1982.—Caloric intakes following injections of insulin were examined in male rats maintained on diets of 
different caloric densities. Following saline or insulin injections, food intake was measured every two hours for six hours or 
food was withheld for six hours until recovery of normo-glycemia and total intake was measured at seven and eight hours 
post-injection. Additionally, levels of plasma metabolic fuels, liver glycogen and stomach contents were measured follow- 
ing saline and insulin injections. Animals in both the continuous and delayed access conditions consumed the same number 
of calories following injections of insulin. Similarly, the increases in intake relative to saline baseline conditions were 
comparable across diet groups in both conditions although animals tested in the delayed access paradigm were less variable 
in their response. Changes in levels of metabolic fuels, stomach contents and liver glycogen were found to be consistent 
with the known effects of insulin and counter-regulatory responses to the induced hypoglycemia. 
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INJECTIONS of insulin reliably increase feeding [3, 22, 24]. 
Insulin exerts a wide variety of effects, however, with re- 
spect to its hunger inducing action, only one of the actions of 
the hormone, hypoglycemia, is usually emphasized. The de- 
crease in glucose availability resulting in cerebral glucopri- 
vation is thought to activate specific cerebral glucoreceptors 
which initiate feeding [22]. 

As the magnitude of injected insulin’s effect on blood 
glucose levels are much greater than those seen under ad lib 
conditions [24], insulin inducing eating may not be under the 
same controls operative during normal, ad lib feeding. How- 
ever, there have been no direct tests to determine whether 
controls operative under ad lib conditions are also involved 
in regulating food intake elicited by injections of insulin. In 
order to determine whether insulin-induced feeding is con- 
trolled in a similar manner as feeding under normal condi- 
tions, it would be necessary to examine whether a feeding 
response that is regulated under ad lib conditions is also 
regulated following insulin administration. 

One aspect of food intake which is controlled under ad lib 
conditions is the regulation of caloric intake. Rats have been 
found to adjust their food intake when the caloric density of 
their diets is altered and thereby maintain caloric intakes at 
relatively constant levels [1, 2, 5, 13, 14, 15, 17]. If eating in 
response to insulin involves controls similar to those present 
under ad lib conditions then one would expect rats fed diets 
of different caloric densities to adjust their food intake fol- 
lowing insulin in order to consume the same number of calo- 
ries. On the other hand, if insulin-induced eating is a re- 
sponse to a cerebral emergency it may not be under the same 
controls operative during times of normo-glycemia and may 
not exhibit the same pattern of caloric homeostasis. 





GENERAL METHOD 


Animals 


Male Sprague-Dawley rats (Charles River Laboratories, 
Wilmington, MA), maintained on a 12-12 light/dark cycle 
(lights on 6:00 a.m.) were used. Feeding tests were con- 
ducted during the light phase. 


Statistical Analyses 


Data were analyzed using analysis of variance. In all ex- 
periments, increases in both gram and caloric intakes were 
analyzed. If animals were regulating their caloric intake then 
one would expect significant differences in gram intake and 
no differences in caloric intake. 


EXPERIMENT | 


In the first experiment, the ability of rats to regulate their 
caloric intake under ad lib conditions and following insulin 
injections was studied. Groups of rats were fed diets of dif- 
ferent caloric densities, and daily food intakes as well as the 
responses to insulin were recorded. Several doses of insulin 
were given to determine whether caloric intake varied as a 
function of the magnitude of insulin’s effects. 

Increases in food intake following insulin administration 
have been observed not only during the period of hypogly- 
cemia but also after blood glucose values have returned to 
normal. Ritter et al. [19] have shown that rats denied access 
to food for six hours after insulin injections still increase food 
intake despite the return of blood glucose values to normal 
levels. Therefore, following the above continuous access 
tests, rats were tested in this delayed access paradigm. 
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TABLE 1 
COMPOSITION OF BASAL DIET 
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TABLE 2 
DAILY FOOD INTAKES IN EXPERIMENT | 





Nutrient 2/100 g kcal/g 





Fat* 23 
Carbohydratet 52 
Proteint 20 
Salt Mix§ 

Vitamin Mix 

Total 100 





*Vegetable shortening; *cornstarch; tcasein; $Hegsted salt mix. 
All dry ingredients from ICN Pharmaceuticals. 


METHOD 
Experiment la 


Thirty naive rats were each assigned to one of four groups 
matched on the basis of body weight. Mean body weights for 
the four groups were 233+7, 233+8, 238+7 and 235+5. Each 
group was fed one of the following diets: a basal 5.0 kcal/g 
diet (Table 1) containing isocaloric amounts of fats and 
carbohydrates (N=7); 3.3 kcal/g diets in which either the 
concentration of fat or carbohydrate was reduced 80% by 
substitution with cellulose and vaseline (N=8 for each diet); 
a 1.6 kcal/g diet in which both fats and carbohydrates were 
reduced 80% by substitution with cellulose and vaseline 
(N=7). Relative to Purina Chow (3.6 kcal/g), rats were main- 
tained on diets of increased and decreased caloric density. 
Cellulose and vaseline were added in proportions designed to 
equate the diets in terms of consistency. Twenty-four hour 
intakes were recorded for three consecutive days after the 
rats had been fed the diet for twelve days. Three weeks were 
allowed for adaptation to the diets before the experiment 
began. 

For testing, rats were weighed and injected with either 
physiological saline (1 ml/kg) or insulin between 8:30 and 
9:00 a.m. Food was continuously available and intakes were 
recorded at 2, 4 and 6 hours post-injection. Two to three 
days of saline injections preceded each insulin injection. All 
animals received 2.5, 5.0 and 10.0 U/kg of regular insulin in a 
partially counterbalanced order. Insulin injections were 
separated by at least one week. 


Experiment lb 


Following these tests, the same animals were adapted to 
the procedure of being injected at 9:00 a.m., food deprived 
and having the tips of their tail cut for blood sampling at 0, 2, 
4, and 6 hours post-injection. Food was returned after 6 
hours and intakes were recorded at 7 and 8 hours post- 
injection. Animals received saline injections one day and 2.5 
U/kg regular insulin five days later. Blood collected into mi- 
crohematocrit tubes following insulin administration was 
centrifuged and plasma was assayed for glucose with a 
Beckman Glucose-Analyzer II. 


RESULTS 


Experiment la 


Rats compensated for the caloric dilution of the diets by 
increasing their daily gram intake approximately 70% (3.3 


Diet Group 


5.0 3.3 kceal/g 3.3 kcal/g 1.6 
kcal/g kcal/g 





Gram Intake* 14.2 é 23. 39.6 
+0.6 ‘ 6 +1.0 
Caloric Intake* 70.6 7 . 64.7 
+3.0 y +3: +1.6 





Values are mean+S.E.M. 
*p<0.01. 
*p<0.05. 


kcal/g diets) and 180% (1.6 kcal/g diet) relative to the rats fed 
the basal diet (Table 2). However, caloric intakes differed 
significantly between groups, F(3,26)=4.16, p<0.05. Body 
weights were the same throughout the experiment in rats fed 
the 5.0 kcal/g and the 3.3 kcal/g diets and were slightly lower 
in rats fed the 1.6 kcal/g diet. At the end of the experiment 
mean body weights were 431+16 for rats fed the basal diet, 
433+15 and 432+20 for rats fed the 3.3 kcal/g diets and 
391+12 for rats fed the 1.6 kcal/g diet. 

Two rats, one from the group fed the basal diet and one 
from the group fed the 3.3 kcal/g diet (low carbohydrate) 
were not included in the data analysis for Experiment la 
because of weight loss prior to one of the insulin trials. When 
food was continuously available, caloric intakes in response 
to both saline injections given the day preceding insulin in- 
jections, and insulin injections were constant across diet 
groups (Fig. 1). Caloric intake in response to insulin was 
increased relative to saline control injections, F(1,24)=95.8, 
p<0.01, and increased as a function of dose, F(2,48)=5.5, 
p<0.01. There was no interaction between diet group and 
dose indicating that all groups increased their intake as the 
dose of insulin was increased. Intake in response to saline 
did not change over the three trials. When increases in 
caloric intake in response to insulin were expressed relative 
to saline control injections (Fig. 2), there was no significant 
effect due to diet but this appeared to be due to a large 
amount of variability rather than to accuracy in the response 
to insulin relative to saline injections. Differences between 
groups in gram intake were also not statistically significant. 


Experiment 1b 


When access to food was delayed for six hours, caloric 
intakes in response to saline and insulin for the two hour feeding 
test were again constant across diet groups (data not shown). 
Caloric intake in response to insulin was increased relative to 
saline injections (Fig. 2), F(1,26)=35.4, p<0.01. Increases in 
caloric intake after insulin expressed relative to saline con- 
trol injections revealed no statistically significant effect of 
diet; rats in all four diet groups increased their intake in 
response to insulin by the same number of calories. How- 
ever, increases in gram intake were also not statistically reli- 
able and this appeared to be due to the large amount of 
variability. Animals on the basal diet increased their food 
intake by 1.1 g, animals on the two 3.3 kcal/g diets by 2.0 g 
and animals on the 1.6 kcal/g diet by 3.3 g. If caloric regula- 
tion had been perfect then given that the basal group in- 
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FIG. 1. Caloric intakes 6 hr following injections of saline (open bars) 
or three doses of insulin (hatch bars) in rats fed diets of different 
caloric densities. Values are means+S.E.M. 


creased their intake by 1.1 g, animals on the 3.3 kcal/g diets 
should have increased their intake by 1.7 g (instead of 2.0 g) 
and animals on the 1.6 kcal/g diet should have increased their 
intake by 3.4 g (instead of 3.3 g). 

At two hours post-insulin, plasma glucose levels (Fig. 3) 
were lower in rats fed the dilute diets, F(3,26)=3.39, p<0.05. 
Plasma glucose values had not returned to pre-injection 
levels after six hours in the rats fed the 1.6 kcal/g diet, but 
they were no longer markedly hypoglycemic. 


EXPERIMENT 2 


In order to validate the above findings and examine the 
metabolic effects of insulin in rats fed diets of different 
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FIG. 2. Increases in caloric intake following insulin injections rela- 
tive to saline injections in rats fed diets of different caloric densities. 
Diets were either continuously available for 6 hr post-injection (left 
panel) or were withheld for 6 hr and then made available for 2 hr 
(right panel). Values are means (left panel) and means+S.E.M. 
(right panel). 
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FIG. 3. Plasma glucose values following 2.5 U/kg regular insulin in 
rats maintained on diets of different caloric densities and deprived of 
food at the time of injection. Values are means+S.E.M. 


caloric densities, feeding tests were repeated in another 
group of rats, reversing the order of testing in the continuous 
and delayed access conditions. Following these behavioral 
tests, rats were injected with saline or insulin, deprived of 
food and killed for analysis of circulating metabolic fuels, 
liver glycogen and stomach contents. 


METHOD 


Forty-six naive rats were each assigned to one of three 
groups, matched on the basis of body weight (273+3, 273+3, 
274+3), and fed one of the following diets: the basal 5.0 
kcal/g diet (described above) (N=16), a 3.3 kcal/g diet in 
which both fats and carbohydrates were reduced 40% by 
substitution with cellulose and vaseline (N=15) and the 1.6 
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kcal/g diet (described above) in which both fats and carbo- 
hydrates were reduced 80% (N=14). The two 3.3 kcal/g diets 
of the previous study were not used as no differences were 
observed between the groups; both groups consumed the 
same number of calories under ad lib conditions and follow- 
ing saline and insulin injections. 

Twenty-four hour intakes were recorded for three con- 
secutive days after the rats had been fed the diets for ten 
days and at the end of the experiment. Three weeks were 
allowed for adaptation to the diets before the experiment 
began. Body weights were recorded at the end of the exper- 
iment. 

Rats were tested in the delayed access condition first. 
Each day of testing, rats were weighed, food deprived and 
injected with either saline (1 ml/kg) or insulin (2 U/kg) be- 
tween 8:30 and 9:00 a.m. Tail blood samples were taken at 0, 
2, 4 and 6 hours. Food was returned at 6 hours and intakes 
were recorded at 7 and 8 hours post-injection. Prior to the 
food intake tests, rats received two adaptation trails in which 
they were given saline injections in the morning and had their 
tails cut every two hours. Order of tests with saline and 
insulin were counterbalanced. Plasma obtained during these 
trials was assayed for glucose with a Beckman Glucose 
Analyzer II. 

Ten days later these food intake tests were repeated ex- 
cept that rats were allowed continuous access to their food 
following saline or insulin (2 U/kg) injections and intakes 
were recorded 2, 4 and 6 hours post-injection. Tail blood 
samples were not taken. 

Ten days later rats were injected with either saline or 
insulin (2 U/kg) at 9:00 a.m., food deprived and decapitated 2 
hours later. Blood was collected in chilled, heparinized cen- 
trifuge tubes and stored in an ice water bath. Aliquots of 
plasma, obtained by centrifugation (1,300 x g) at 4°C for ten 
minutes, were then frozen and assayed for metabolic fuels at 
a later time. Plasma urea was assayed using a commercial kit 
(Sigma), based on the method of Talke and Shubert [25]. 
Unesterified fatty acids were assayed with the Dole [7] tit- 
rametric procedure as modified by Trout et al. [26]. Free 
glycerol was measured in deproteinated plasma [23] using 
Wieland’s [27] enzymatic assay. Triglycerides were meas- 
ured by hydrolyzing plasma in alcoholic KOH, neutralizing 
with magnesium chloride [4] and assaying the glycerol as 
above. Pieces of liver (0.2 to 0.6 g) were taken and immersed 
in a dry ice acetone bath and stored at —37°C. Liver glyco- 
gen was measured with an enzymatic procedure based on the 
treatment of liver homogenates with amylglucosidase [20], 
and the glucose was measured with a Beckman Glucose 
Analyzer II. Stomachs were removed and weighed; the con- 
tents were emptied, weighed and dried to constant weight in 
an oven at 50°C. 


RESULTS 


Compared to rats maintained on the basal diet, rats fed 
the 3.3 kcal/g diet increased their daily food intake by 50% 
and thereby consumed the same number of calories (Table 
3). Rats fed the 1.6 kcal/g diet increased their gram intake by 
approximately 165% relative to rats fed the basal diet, how- 
ever, this was not sufficient to match the caloric intake of 
rats maintained on the 5.0 kcal/g diet. Daily food intakes 
were approximately 10% higher after 10.5 weeks than after 
10 days on the diets. Body weights of the different groups 
were significantly different, F(2,42)=25.0, p<0.01, by the 
end of the experiment. Mean body weights were 617+14 g 
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TABLE 3 
DAILY FOOD INTAKES OF EXPERIMENT 2 





Diet Group 


5.0 kcal/g 3.3 kcal/g 1.6 kcal/g 





After 10 days 
Gram Intake* 
Caloric Intake* 

After 10.5 weeks 
Gram Intake* 
Caloric Intake* 


20.9 + 0.7 31.2 + 0.6 
103.9 + 3.5 102.3 + 2.0 


35.1 + 0.8 
115.1 + 26 





Values are mean+S.E.M. 
*p<0.01. 
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FIG. 4. Increases in caloric intake following 2.0 U/kg insulin relative 
to saline injections in rats fed diets of different caloric densities. 
Food was either continuously available for 6 hr post-injection (left 
panel) or was withheld for 6 hr and then made available for 2 hr (right 
panel). Values are means+S.E.M. 


for the basal diet fed group, 568+ 14 g for the 3.3 kcal/g diet 
fed group, and 482+ 12 g for the 1.6 kcal/g diet fed rats by the 
end of the study. 

One rat from the group fed the 3.3 kcal/g diet was not 
included in the data analysis for the continuous access test as 
he consumed an unusual amount of food (10.8 g) following 
the saline injection. Caloric intakes were higher following 2.0 
U/kg regular insulin than following saline injections both in 
the delayed access test, F(1,42)=34.0, p<0.01, and in the 
continuous access test, F(1,41)=89.1, »><0.01 (Fig. 4). When 
access to food was delayed for six hours following the saline 
injection caloric intakes were constant across groups but the 
3.3 kcal/g group did not consume as many calories as the 
other two groups in response to insulin; when food was con- 
tinuously available, caloric intakes following saline and in- 
sulin were comparable in all three groups (data not shown). 

Relative to saline baseline conditions, rats fed the 5.0 
kcal/g and 1.6 kcal/g diets increased their caloric intake by 
similar amounts when food was withheld for six hours while 
rats fed the 3.3 kcal/g diet showed less of an increase, 
F(2,42)=3.11, p=0.055 (Fig. 4). Rats in the continuous ac- 
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cess paradigm showed nearly perfect caloric compensation 
over the six hour test in increasing their intake in response to 
insulin. In both tests, increased intake was significantly dif- 
ferent when intake was measured in grams, F(2,42)=8.9, 
p<0.01, for the delayed access group; F(2,41)=7.5, p<0.01, 
for the continuous access group. 

Changes in plasma glucose values in the delayed access 
condition were similar to those reported in Experiment Ib 
(data not shown). Again, plasma glucose values at two hours 
were lower in rats fed the dilute diets, F(2,42)=10.5, p<0.01. 
By six hours plasma glucose values had not returned to pre- 
injection levels in the rats fed the 1.6 kcal/g diet, but they 
were no longer markedly hypoglycemic (106 mg/dl versus 
129 mg/dl). Plasma glucose values were also slightly lower 
following saline injections in rats fed the 1.6 kcal/g diet (139 
mg/dl in rats fed the basal diet, 136 mg/dl in rats fed the 3.3 
kcal/g diet and 126 mg/dl in rats fed the 1.6 kcal/g diet). 

Changes in plasma glucose values in rats that increased 
their food intake in response to insulin relative to saline con- 
trol injections in the delayed access condition were com- 
pared with those that did not. Five out of the 16 rats fed the 
basal diet did not eat following insulin but plasma glucose 
values at two hours were higher in these rats than the 11 rats 
which did eat (85 mg/dl versus 59 mg/dl), 1(14)=2.33, p<0.05. 
Virtually all of the 1.6 kcal/g diet fed rats responded to the 
insulin injection (12 out of 14). Of the 15 rats fed the 3.3 
kcal/g diet only five increased their intake in response to insu- 
lin and plasma glucose values were similar whether rats in- 
creased their intake or not (62+5 mg/dl in rats that did not 
increase their intake, 54+4 mg/dl in those that did). When 
considering only those rats on the 3.3 kcal/g diet who re- 
sponded to insulin with an increased intake, they consumed 
approximately the same number of excess calories as the rats 
fed the 5.0 kcal/g and 1.6 kcal/g diets. Thus, the lack of a 
comparable increase in intake by rats fed the 3.3 kcal/g diet 
appears to be due to those ten rats that did not respond to the 
effects of insulin rather than to an inaccurate response by the 
group as a whole. 

The metabolic parameters were measured in rats who re- 
ceived either saline or insulin injections at 9:00 a.m., were 
food deprived and were killed 2 hours later. Liver glycogen 
as well as plasma glucose, free fatty acids, glycerol and tri- 
glyceride levels were decreased as a function of diet dilution, 
and stomach contents and blood urea levels were increased 
as a function of diet dilution (Fig. 5; all p’s<0.05). Stomach 
contents, plasma glucose, liver glycogen and plasma free 
fatty acids were decreased in insulin treated animals (all 
p’s<0.05). 


EXPERIMENT 3 


In the preceding experiments, there appeared to be less 
variability in the increase in intake after insulin when animals 
had had experience with insulin treatment. Animals demon- 
strated greater accuracy in caloric regulation in the delayed 
access test of Experiment Ib, after having received three 
injections in the continuous access test (Experiment la), and 
in the continuous access test of Experiment 2 which followed 
the delayed access test. Although animals received three in- 
jections in the continuous access test of Experiment la, the 
sample size was too small to evaluate changes in caloric 
compensation across injections. The following experiment 
was thus designed to test the possibility that, with experi- 
ence, animals become more accurate in increasing their 
caloric intake after insulin. 
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FIG. 5. Plasma metabolic fuels, stomach contents and liver glycogen 
2 hr following saline and insulin (2.0 U/kg) injections in rats main- 
tained on diets of different caloric densities. Rats were deprived of 
food at the time of injection. Values are means+S.E.M. of groups of 
7-8 rats. 


METHOD 


Thirty-nine naive rats were assigned to two groups, 
matched on the basis of body weight (278+3, 281+3), and 
fed either the basal 5.0 kcal/g diet described above (N= 19) or 
a 2.5 kcal/g diet (N=20) in which fats and carbohydrates 
were reduced 60% by substitution with a 3% agar solution (in 
water). Twenty-four hour intakes were recorded for three 
consecutive days after the rats had been fed the diet for 15 
days. Three weeks were allowed for adaptation to the diets 
before the experiment began. Body weights were recorded at 
the end of the experiment. 

Half of the rats fed each diet were randomly assigned to 
either a delayed or continuous access condition. Rats were 
weighed and injected between 8:30 and 9:00 a.m. Food in- 
takes were recorded 2, 4 and 6 hours later in the continuous 
access group. For the delayed access test food was withheld 





TABLE 4 
DAILY FOOD INTAKES IN EXPERIMENT 3 





Diet Group 


5.0 kcal/g 2.5 kcal/g 





Gram Intake* 21.6 + 0.7 37.2 
Caloric Intake* 107.4 + 3.5 91.9 





Values are mean+S.E.M. 
*p<0.01. 


for 6 hours, and food intakes were recorded at 7 and 8 hours 
post-injection. Each rat was given three saline (1 ml/kg) ad- 
aptation trials. Following the adaptation procedure, rats 
were injected with saline, and food intakes were recorded. 
The following day rats were injected with 2 U/kg regular 
insulin. This test procedure was repeated three times, and 
insulin injections were separated by one week. 

One week after the series of injections, rats were either 
decapitated at 9:00 a.m. or injected with either saline (1 
ml/kg) or insulin (2 U/kg), food deprived and decapitated 6 
hours later to examine the metabolic effects of insulin at the 
time the delayed access feeding test began. Plasma metabolic 
fuels, liver glycogen and stomach contents were measured as 
described above. 


RESULTS 


Daily caloric intakes of rats in the two diet groups were 
significantly different, 1(37)=3.61, p<0.01, as rats on the 2.5 
kcal/g diet only increased their gram intake by 72% relative 
to rats fed the basal diet (Table 4). Body weights were signif- 
icantly different by the end of the experiment, t(37)=2.18, 
p<0.05. Mean body weights were 567+ 14 g (basal diet) and 
527+ 12 g (dilute diet) at the end of the experiment. 

Animals were tested in either the delayed or continuous 
access condition. Caloric intakes of rats tested in the delayed 
access condition were not significantly different across diets 
after saline and insulin (Fig. 6) and were elevated in response 
to insulin injections, F(1,18)=42.8, p<0.01. There was a 
significant effect of trials, F(3,54)=6.1, »><0.01, when caloric 
intake in response to insulin was analyzed as intake in- 
creased after the first trial. There was also a significant effect 
of trials in the saline condition, F(3,54)=9.6, p<0.01, but this 
was due to a large increase in intake in the third trial. When 
only the first, second and fourth saline trials were analyzed 
there was no effect due to trials. 

When food was continuously available, caloric intakes 
were not comparable across the two diet groups in response 
to saline, as rats fed the 2.5 kcal/g diet consumed more calo- 
ries (Fig. 6), F(1,17)=6.5, p<0.05, and approached signifi- 
cance in response to insulin, F(1,17)=4.4, p=0.051, for the 
same reason. Caloric intakes in response to insulin were 
greater than after saline, F(1,17)=59.7, p<0.01. There was a 
significant effect due to trials in both the saline, F(3,15)=2.9, 
p<0.05 and insulin tests, F(3,51)=9.0, p<0.01 as intake in 
both cases increased over the four trials. 

Rats in the delayed access condition demonstrated nearly 
perfect caloric compensation in all four trials in increasing 
their intake in response to insulin (Fig. 7). Rats in the con- 
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FIG. 6. Caloric intakes following four series of saline and insulin (2.0 
U/kg) injections in rats maintained on diets of different caloric den- 
sities. Diets were either available for 6 hr following injections (bot- 
tom panel) or were withheld for 6 hr and then made available for 2 hr 
(top panel). Values are means+S.E.M. 
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FIG. 7. Increases in caloric intake following four injections of 2.0 
U/kg insulin relative to saline injections in rats maintained on diets 
of different caloric densities. Diets were either available for 6 hr (left 
panel) or were withheld for 6 hr and then made available for 2 hr 
(right panel). Values are mean+S.E.M. 


tinuous access test also compensated but were less precise 
(Fig. 7). When measured in grams, increased intake was sig- 
nificantly different in both the delayed access test, 
F(1,18)=6.7, p<0.05, and in the continuous access test, 
F(1,17)=8.4, p<0.05. 

Physiological data were collected at 9:00 a.m. and follow- 
ing a 6 hour post-injection fast in rats injected with either 
saline or insulin at 9:00 a.m. Urea levels were increased and 
liver glycogen levels were decreased as a function of diet 
dilution (Fig. 8; all p’s<0.05) although liver glycogen levels 
were not significantly different at 9:00 a.m. (p =0.09). At six 
hours post-insulin, plasma glucose values did not differ sig- 
nificantly between saline and insulin treated rats. Liver 
glycogen, stomach contents and triglyceride levels were de- 
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FIG. 8. Plasma metabolic fuels, stomach contents and liver glycogen 
0 and 6 hr following saline and insulin (2.0 U/kg) injections in rats 
maintained on diets of different caloric densities. Rats were deprived 
of food at the time of injection. Values are means+S.E.M. of groups 
of 6-7 rats. 


creased and free fatty acid levels were increased (all 
p’s<0.05) in insulin treated animals regardless of diet. 


GENERAL DISCUSSION 


Animals adjusted their gram intake of food such that 
caloric intakes were maintained at relatively constant levels 
when eating ad lib and following injections of insulin. 
Whereas animals fed the more diluted diets failed to fully 
compensate for diet dilution on a daily basis, caloric intakes 
following saline injections were constant across diet groups 
in all experiments with the exception of the continuous ac- 
cess test of Experiment 3. Therefore, animals showed good 
caloric compensation during the time of testing. Total caloric 
intakes in response to insulin were increased relative to 
saline control injections and were similar across all diet 
groups in both the continuous and delayed access tests. The 
only exceptions to this occurred in the delayed access test of 
Experiment 2 and the continuous access test of Experiment 
3, but in both cases the differences were not statistically 
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reliable. Additionally, when caloric intake following insulin 
injections is compared to saline control levels, rats in both 
conditions increased their intake by comparable amounts. 
Thus, the ability to regulate caloric intake appears to be 
preserved both during a hypoglycemic episode and when 
access to food is delayed for six hours. 

The increase in caloric intake following insulin injections 
relative to saline injections appeared less variable in rats in 
the delayed access condition. Experience with insulin injec- 
tions appears to decrease the variability of the eating re- 
sponse in the delayed access condition in that some rats 
either failed to respond to insulin the first time it was ad- 
ministered (Experiment 2) or intake was increased in re- 
sponse to subsequent injections (Experiment 3). Rats in the 
continuous access paradigm did not become less variable in 
their response with experience and, although they increased 
their intake after insulin with experience, they also increased 
their intake in response to saline (Experiment 3). 

The variability in increased caloric intake after insulin 
when food is continuously available may be due to several 
factors. First, there is the nature of the testing condition itself; 
rats are handled and injected immediately prior to the food 
intake tests and may respond to these non-specific events by 
eating. Data from the third experiment support this 
possibility in that intake in response to both saline and insu- 
lin increased over trials. Second, the continuous access test 
is six hours long which may contribute to the non-specific 
effects because rats are handled every two hours during test- 
ing. However, when intakes for the first 2 hours of the con- 
tinuous access test were examined data for experiments la 
and 2 were comparable to those for six hours. Caloric intake 
two hours after insulin was less variable in the third experi- 
ment, but the increase in intake was still not as precise as in 
the delayed access test. Finally, animals in the continuous 
access paradigm are eating when they are hypoglycemic 
[19,24]. Caloric intakes during this hypoglycemic episode 
may be unrelated to calories consumed during saline baseline 
conditions as eating may be an emergency response to alle- 
viate insulin-induced hypoglycemia. 

Kanarek et al. [16] have shown a preferential increase in 
carbohydrate consumption relative to protein and fat in re- 
sponse to injections of long acting insulin (see also [12]). 
However, it does not appear that animals in these studies are 
modifying their gram intake to increase carbohydrate intake. 
In Experiment la, rats fed the two 3.3 kcal/g diets consumed 
the same number of calories in response to insulin although 
in one diet the carbohydrate portion was diluted and in the 
other, the fat portion of the diet was diluted. In addition, in 
Experiments 1b and 2 plasma glucose levels were lower in 
rats eating the more dilute diets when food was withheld 
suggesting increased vulnerability (see below) to insulin in- 
jections in those rats fed the dilute diet; however, animals in 
all groups consumed the same number of calories. Although 
in Experiment 3 animals fed the dilute diet, in which the 
carbohydrate portion was reduced 60%, tended to consume 
more calories than the rats fed the basal diet, they also con- 
sumed more calories following saline injections. In the pres- 
ent studies, it does not appear that rats are maximizing their 
intake of carbohydrates but rather are regulating the number 
of calories consumed. 

Physiological changes observed in the above experiments 
are consistent with the known effects of insulin and the coun- 
terregulatory responses to the induced hypoglycemia. Insu- 
lin decreases the rate of release of free fatty acids from 
adipose tissue, which may be responsible for the decrease in 
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free fatty acid levels seen two hours post-injection, and in- 
creases lipoprotein lipase activity, which may account for 
the decrease in triglyceride levels seen at six hours [18]. 
Counterregulatory responses to insulin-induced hypogly- 
cemia include increased gastric acid secretion and EMG ac- 
tivity (e.g., [10]), and thus may account for the decrease in 
stomach contents seem at two hours. Increased hepatic glu- 
cose production and activation of lipolysis are counter- 
regulatory responses mediated by the sympathetic nervous 
system [6, 11, 21], which would lead to decreased levels of 
liver glycogen and the increased levels of free fatty acids 
seen at six hours post-injection. In both experiments urea 
levels were increased as a function of diet dilution. This 
increase is probably a result of increased protein intake as 
only carbohydrates and fat were diluted and, by increasing 
their gram intake, rats increased their protein intake. 

Of the metabolic measures taken, only liver glycogen 
showed changes consistent with those in food intake. Under 
ad lib conditions and following saline injections, liver 
glycogen levels were lower in rats eating the calorically di- 
lute diets and insulin decreased glycogen levels in all diet 
groups. In terms of metabolic feedback, however, it is un- 
likely that levels of liver glycogen are directly involved in 
controlling intake. Friedman and Granneman [9] found that 
insulin injections stimulated feeding in the delayed access 
paradigm in demedullated rats despite the absence of signifi- 
cant changes in levels of liver glycogen. Additionally, 
Friedman [8] found that diabetic rats maintained on a wet 
mash diet were hyperphagic relative to diabetic rats fed a 
high fat diet despite the fact that both groups had similar 
levels of liver glycogen. It may be that some aspect of liver 
metabolism that is correlated with changes in the levels of 
liver glycogen is involved in caloric regulation. 

Differences in body weights were observed in rats that did 
not show full caloric compensation and occurred as well in 
some groups that did fully compensate for the diet dilution. It 
is possible that these animals were more vulnerable to the 
effects of insulin because of lower body weight and conse- 
quently consumed more grams following these injections 
than animals fed the less dilute, or undiluted diets. Plasma 
glucose values from the first two experiments support this 
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possibility in that glucose levels at two hours were lower in 
rats fed the dilute diets, had not returned to pre-injection 
levels in rats fed the 1.6 kcal/g diet, and were lower under 
baseline conditions in rats fed the 1.6 kcal/g diet. 

Several observations suggest that this is not the case. In 
the first experiment, animals fed the 1.6 kcal/g diet con- 
sumed the same number of calories following insulin injec- 
tions at each dose of insulin as animals fed the undiluted and 
less diluted diets. Additionally, although plasma glucose val- 
ues collected during the delayed access test of the first exper- 
iment were lower at two hours in rats fed the dilute diets, 
animals increased intake as a function of the dose of insulin 
given in the continuous access test. If animals fed the dilute 
diets had been more responsive to the effects of insulin, one 
would have expected them to consume the same number of 
calories at a lower dose as animals fed the more concentrated 
diets at a higher dose of insulin. Finally, in considering rats 
tested in the delayed access paradigm, further work con- 
ducted in this laboratory indicates that while rats will not 
increase their intake following insulin injections unless 
plasma glucose values have decreased below 70 mg/dl, the 
amount of food eaten at six hours has not been found to 
correlate with the degree of previous hypoglycemia. 

In conclusion, rats appear to behave similarly under ad lib 
conditions and following insulin administration in that, in 
both cases, animals adjust their gram intake to maintain 
caloric intakes at relatively constant levels. It would appear 
that the controls of food intake following insulin administra- 
tion, either during the hypoglycemic episode or at six hours 
post-insulin, are similar to those operating under ad lib con- 
ditions. Thus, in terms of studying the controls of food intake 
operating under ad lib conditions, insulin-induced eating ap- 
pears to be a useful system. 
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MILNER, P. M. AND A. LAFERRIERE. Strength-duration characteristics of lateral hypothalamic and periaqueductal 
gray reward-path neurons. PHYSIOL. BEHAV. 295) 857-863, 1982.—Behaviorally measured strength-duration curves were 
plotted for reward related neurons stimulated by electrodes in the lateral hypothalamus (LH) and ventral periaqueductal 
gray (PG). The average curves for the two groups were only marginally different, suggesting that similar neural populations 
mediate self-stimulation at the two sites. Analysis of the data for both groups indicates that stimulating pulses shorter than 
0.1 msec stimulate mainly a short time-constant substrate with an average time-constant of about 0.1 msec. This is the same 
time-constant that has been reported in the literature for myelinated axons having a wide range of conduction velocities. It 
is suggested that the marked departure of behaviorally determined strength-duration curves from the approximately 
exponential form usually exhibited by single elements is due to the stimulation of unmyelinated elements by long (but not 


by short) stimulation pulses. 
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IN recent years the behavioral techniques pioneered by 
Deutsch [5] for measuring neurophysiological characteristics 
of the self-stimulation pathways have made great progress 
(for a recent review see [7]). Refractory periods, conduction 
velocities, rate of decay of synaptic summation and of mem- 
brane excitability, as well as other properties of self- 
stimulation neurons have been measured, and recently the 
methods have been adapted to determine the direction of 
impulse propagation [17]. 

So far the investigations have concentrated on the medial 
forebrain bundle reward path. They appear to reveal a wide 
range of properties among the participating elements, though 
almost all the measurements are consistent with the hypoth- 
esis that the elements are small myelinated axons with re- 
fractory periods ranging from about 0.4 to more than | msec 
[20]. Conduction velocities between 2 and 8 m/sec [16] and 
chronaxies (a measure related to the electrical time-constant 
of the axon) of 0.1 msec to more than 5 msec have been 
reported [11, 18, 19]. 

Few measurements have been made at other self- 
stimulation sites. Yeomans [20] measured the refractory 
period of reward neurons in the dorsal pons of one rat and 
found a range of values very similar to that of axons in the 
medial forebrain bundle, Shenk and Shizgal [15] report that 
the refractory periods of neurons in the medial prefrontal 
cortex reward system are long, in the range of 1.2 to 6 msec, 
and Bielajew et al. [2] find that the proportion of long refrac- 
tory period axons is higher in the ventral periaqueductal gray 
reward system than in the medial forebrain bundle. The 
present measurements extend the comparison of these two 


systems to their strength-duration characteristics; the work 
subsequently broadened in scope to include more general 
features of the strength-duration curves of reward paths. 

The shape of the strength-duration curve depends on a 
number of factors but when single axons are measured it 
usually approximates to an exponential [1,12]. Brief stimula- 
tion pulses require high currents to fire neurons; with in- 
creasing pulse duration the required current falls to an 
asymptote called the rheobase. The exponential curve is rep- 
resented by the equation I=Ir/(l-e~°") where I is the re- 
quired stimulating current at pulse duration D; e is the base 
of natural logarithms, 2.72. For behaviorally derived 
strength-duration curves Ir (the rheobase) is the current re- 
quired to produce criterion performance when very long 
stimulation pulses are used. Thus it depends not only on the 
sensitivity of the axons and their spatial relation to the elec- 
trodes, but also on the performance criterion adopted. The 
other empirical constant T (the time-constant) depends only 
on the characteristics of the participating axons. This makes 
it a suitable measure for comparing with values in the litera- 
ture for known types of axons. 

One reason for choosing to measure the strength-duration 
function is that it depends only on the properties of the excit- 
able membranes within range of the stimulating electrode. 
Refractory period measures may be influenced by more re- 
mote factors such as the recovery time of synaptic terminals 
or fine terminal branches. Conduction velocity, though a 
usefully distinctive parameter, is difficult to measure accu- 
rately and depends on finding axons that can be stimulated 
by electrodes several mm apart. 
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A more immediate reason for investigating the strength- 
duration relationship, however, was that evidence from 
previous work [7, 11, 18] indicates that elements in the LH 
reward path may have longer time-constants than are usually 
found for myelinated axons. Measurements of local-potential 
summation [21] may also be used to estimate the integrating 
characteristics of neuronal membranes and these measure- 
ments also suggest that some elements have time-constants 
longer than 0.1 msec. 

The medial forebrain bundle contains many unmyelinated 
axons, including those of the ascending dopaminergic paths. 
Although it is no longer generally believed that direct stimu- 
lation of these axons by the electrode is a major factor in 
reward [7,16], it is not certain that it is completely without 
effect. Possibly the suspected long time-constant elements in 
the medial forebrain bundle are unmyelinated dopaminergic 
axons, in which case the effect should be less in the 
periaqueductal gray region, where dopaminergic axons are 
absent, or sparse. 

Behaviorally significant reward requires the repeated fir- 
ing of many fibers most of which, being close to the elec- 
trode, receive stimulation that is well above threshold. A 
small proportion of them, at the border of stimulated zone, 
cease to fire if the pulse duration is shortened slightly and a 
compensatory increase in current is required to fire them 
again. Unless all the reward elements have the same 
strength-duration characteristic, however, neurons that stop 
firing when the pulse duration is reduced may be replaced by 
different neurons as the current is increased. 

Short time-constant elements have a relatively lower 
threshold for very short stimulating pulses than long time- 
constant elements; thus, estimates of membrane time- 
constant derived from measurements of current threshold for 
very short stimulating pulses are based on a sample of re- 
ward neurons with shorter than average time-constants. 
When long duration stimulation pulses are used a higher pro- 
portion of long time-constant elements is fired, but the exact 
proportion depends on the relative sensitivities of short and 
long time-constant elements and on their relative population 
densities. 

The contribution of the long time-constant elements to 
reward will depend on how effective they are at producing 
reward in comparison with short time-constant elements. 
The change in the population of reward neurons as pulse 
length is changed makes quantitative interpretation of the 
curve difficult, but if there is a large difference between the 
number of long time-constant elements at two sites the fact 
should be revealed by differences in the shape of the 
strength-duration curves at long pulse durations. 

In our first experiment strength-duration measurements 
were taken using a range of pulse durations from 0.036 to 2 
msec at lateral hypothalamic and ventral periaqueductal gray 
self-stimulation sites in an effort to compare the participation 
of long time-constant elements at those sites. 


METHOD 
Subjects and Electrode Implantations 


Subjects were eight male hooded rats of the Long-Evans 
strain obtained from Charles River Canada Inc. Single 
monopolar stainless-steel wire electrodes 0.25 mm dia., insu- 
lated except at the tip, were stereotaxically implanted in each 
rat under sodium pentobarbital anesthesia (60 mg/kg) and fixed 
in place using skull screws and acrylic cement. The return 
electrode consisted of bare stainless-steel wire wrapped 
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round one of the skull screws. Four rats had electrodes 
aimed at the lateral hypothalamus (LH), coordinates: —0.8 
mm from Bregma, 1.5 mm lateral to the midline and 8.6 to 8.7 
mm ventral to the dura, and four had electrodes aimed at the 
ventral periaqueductal gray (PG), coordinates: —6.0 mm 
from Bregma, on the midline and 5.8 to 5.9 mm ventral to the 
dura, all with the incisor bar 5.0 mm above the interaural 
line. 

After operation the rats were kept in individual plastic 
cages in a colony room with food and water ad lib. Lights 
were on in the room from 7 a.m. to 7 p.m. All testing was 
done between those hours. 


Histology 


At the end of the experiment the rats were killed with an 
overdose of sodium pentobarbital and perfused intracardially 
with physiological saline followed by in 10% formal saline. 
The brains were removed and kept for a day or more in 10% 
formal saline. Sections at 30 wm were taken through the 
electrode region in a cryostat and stained with Luxol Fast 
Blue and Neutral Red. The deepest penetrations of the elec- 
trodes were located using the atlas of Pellegrino er al. [13] 
and the points marked on drawings of the sections. 


General Procedural Considerations 


Behavioral strength-duration curves are usually obtained 
by first plotting families of output vs current curves, with 
pulse duration as the parameter. Some output level is chosen 
as the criterion of effectiveness and the current needed to 
produce that level for each pulse duration is read from the 
averaged and smoothed output vs current curves. For re- 
ward path neurons it is usual to use bar-pressing rate as the 
output measure, though the most ambitious study to date 
used running speed down an alley [11]. 

Due to the instability of self-stimulation rate-intensity 
functions the data from a number of measurements must be 
averaged. In the present experiments the instability problem 
was largely overcome by comparing the bar-pressing rate 
during test stimulation with the rate during periods of stand- 
ard stimulation measured immediately before each test 
period. 

A second modification of the usual method was to bypass 
the plotting of rate-intensity curves and adjust the current 
during the test periods until the bar-pressing rate was equal 
to that during the immediately preceding standard period. 
The argument for doing this is that if the rate during a test 
period is equal to the rate during the preceding standard 
period, the test stimulation must be as effective as the stand- 
ard, and if all the test stimulations are as effective as the 
same standard they must all be as effective as each other. 
Thus, each reading represents a different trade-off between 
pulse duration and current. 

The current adjustments to equalize the rates were made 
automatically by the subject, assisted by a Texas Instru- 
ments PMS5S50 process controller. Briefly, if the bar-pressing 
rate during a test period exceeded that during the im- 
mediately preceding standard period, the controller detected 
this and reduced the stimulating current. If the rate was 
lower, of course, the current was increased until the rates 
were equal. 


Apparatus 


The rats were tested in a wood and plastic Skinner box 
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25x25 cm and 22 cm high with a grid floor. The Skinner box 
was enclosed in a sound-insulating chamber fitted with house 
lights and with a blower for ventilation and sound masking. 
The lever of the Skinner box was about 5 cm wide and 3 cm 
from the floor. It was attached to the shaft of a Grass poly- 
graph penmotor, mounted on the outside of the box, which 
was used as a moving-coil force sensor. The output of the 
penmotor activated one of the discrete inputs of the PM550 
controller through a switching transistor. Rates of 10 re- 
sponses/sec and higher were transmitted by this arrange- 
ment, especially when, as frequently happened, the rat 
shook the lever with its teeth. 

Brain stimulation was delivered to the rat through a flex- 
ible twisted pair of wires that led from slip-rings outside the 
test chamber through holes in the ceilings of the chamber and 
Skinner box. 

The stimulator was of a special design allowing control of 
both current and pulse duration by analogue outputs of the 
controller. The rat electrodes were connected to a constant- 
current source that was normally shorted by a saturated 
transistor. Pulses from the stimulator switched off the tran- 
sistor forcing the current through the rat electrodes. A 1 uF 
series condenser prevented electrode polarization. Pulses 
were monitored continuously using a Tectronix 5013N oscil- 
loscope. 

The number of pulses per reinforcement train and the 
interpulse intervals were determined by settings of a Pulsar 
6B stimulator, whose output was used to trigger a timing 
circuit connected to an analogue output of the controller so 
that it generated pulses of the desired length. 


EXPERIMENT | 
Procedure 


Training was started about one week after implantation of 
the electrodes. The rats were placed in the Skinner box and 
induced to approach and press the lever by shaping until they 
had learned how to obtain brain stimulation. They received 5 
to 7 daily sessions of half-an-hour each before testing began. 
The stimulation used during training consisted of trains of 20 
rectangular cathodal current pulses, 0.1 msec duration with 
interpulse intervals of 10 msec. The current was adjusted by 
hand for each rat and set at a value that gave approximately 
half the maximum bar-pressing rate for the rat. These values 
ranged from 220 to 525 wA. The mean current for the LH 
group was 356 wA and for the PG group 388 uA. The differ- 
ence was not statistically significant, 1(6)=1.5, p>0.15. 

Reinforcement was presented on a random interval 
schedule with intervals ranging from 0.7 to 1.7 sec. These 
intervals encouraged high response rates whilst holding the 
average reinforcement rate almost constant. 

After the bar-pressing rates during training had become 
stable, strength-duration measurements were started. At the 
beginning of each session a five-minute warm-up period of 
standard stimulation, which had the same parameters as the 
stimulation given during training, was presented. With no 
change in stimulation the experiment then began with the 
collection of 50 two-second samples of bar-pressing rate. 
The mean and standard deviation of these samples were cal- 
culated by the PMS550 and stored for use during the im- 
mediately following test period. 

In Experiment | there were fourteen test periods per ses- 
sion, during which the pulse durations were set at 0.4, 0.167, 
0.1, 0.067, 0.05, 0.04, 0.036, 0.044, 0.057, 0.08, 0.125, 0.25, 


859 


0.667, and 2.0 msec, in that order. The number of pulses per 
train (20 pulses) and the interpulse intervals (10 msec) were 
the same as during the standard stimulation. The initial cur- 
rents to be used with each pulse duration were calculated 
using previous strength-duration results as a rough guide. 
The current values were loaded into the controller, along 
with the corresponding pulse durations, before the experi- 
ment. 

The first pair of test stimulation parameters were instated 
immediately after the 50 samples of standard stimulation had 
been collected, with no interruption in the delivery of rein- 
forcement. A 12.5 sec period was allowed at the beginning of 
the test period for the rat to adapt its rate to the new param- 
eters of stimulation and then rate samples were taken again 
at 2 sec intervals and ¢ values calculated for the difference 
between these means and the mean rate during the standard 
period. If at any time after the first five samples the differ- 
ence in rates reached the 0.05 probability level a new value 
of stimulation current was calculated and applied. The ampli- 
tude of the current change was inversely related to the 
number of samples taken before the difference in rates be- 
came significant, and the direction of change was determined 
by the sign. of the difference between the means. Each new 
current was printed out under the corresponding pulse- 
duration value. 

Another 12.5 sec pause in the sampling was imposed after 
a current change, after which the means of the new sample 
rates were calculated and compared with the previous stand- 
ard rates either until the difference again became significant, 
in which case the current was again adjusted, or until a total 
of 75 test samples had been collected. At that time a final 
recalculation of the current was performed, based on the size 
of the last calculated ¢ value, and this value was stored for 
future use and for plotting the strength-duration curve. 

Immediately after the 75th test sample, and with no inter- 
ruption in reinforcement, the standard stimulation param- 
eters were reinstated and another 50 rate samples taken, 
from which were calculated a new baseline mean and stand- 
ard deviation. These values were used for calculating ¢’s 
during the next test period, which followed without pause, as 
before. 

In order that episodes of grooming, exploring, or resting 
should not have undue influence on the calculated mean 
rates, sampling was discontinued if at any time two succes- 
sive zero rate samples were obtained, and did not start again 
until the next bar-press. 

The alternation of standard and test periods continued 
until all 14 pulse durations had been tested. Each rat com- 
pleted six sessions with 3 or 4 day intervals between. Except 
for the first session, the initial current settings for each pulse 
duration were the final values obtained on the previous ses- 
sion. The data collection was entirely automatic with no in- 
tervention of the experimenter between the time when the 
rat was placed in the apparatus and when it was removed. 


RESULTS 


The location of the tips of the electrodes are shown in Fig. 
1. All the LH electrodes were in the medial forebrain bundle 
and the PG electrodes were in the region of the dorsal raphé 
nucleus. 

In order to compare strength-duration data from different 
rats the current values were normalized by expressing each 
as a percentage of the current during standard periods for the 
rat. The six measurements of current at each pulse duration 
































FIG. 1. Solid squares show location of electrode tips in lateral hypo- 
thalamus and periaqueductal gray. Numbers are mm posterior to 
Bregma. Sections redrawn from [13]. 


were averaged for each rat and the mean values for the LH 
and PG groups calculated. These values were plotted against 


the reciprocal of the pulse duration (Fig. 2). It is apparent 
that the two groups do not differ significantly in any region of 
the curve. Data from BeMent and Ranke [1] for single axons 
of the cat dorsal column are also plotted in Fig. 2. 

Two theoretical curves have been proposed to account 
for the shape of the strength-duration relationship. One is the 
exponential curve already described. The other is a hyper- 
bola of the form I=R(1+C/D) where I is the strength of the 
stimulating current and D the pulse duration. R is the 
rheobase and C the chronaxie. (The chronaxie is defined as 
the pulse duration at which the current to produce criterion 
output is twice the rheobase. This definition applies to any 
curve that decays to an asymptote whether it is hyperbolic or 
not). 

On the assumption that neurons can be represented by 
simple electrical components like resistors and capacitors, 
the strength-duration curve of a single axon or a bundle of 
homogeneous axons should lie between the exponential and 
hyperbolic curves, depending on such factors as electrode 
configuration and the impedance of the surrounding tissue. 
The two theoretical curves that are the best fit to the data at 
short pulse durations are plotted in Fig. 2 using a reciprocal 
time scale as abscissa, which linearizes the hyperbola 
(shown as a dashed line). Although the measurements of 
BeMent and Ranke [1] for single axons in the cat dorsal 
columns appear to fall quite close to the exponential curve 
(solid line), the data of Experiment | for reward path ele- 
ments lie closer to the hyperbola and contrary to expectation 
the points for the longer pulse durations do not lie between 
the two curves. 

The most probable explanation for this is that the reward 
path is heterogeneous, comprising elements with different 
time-constants. As pointed out earlier, when there are many 
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FIG. 2. Strength-reciprocal duration plots for LH M® and PG 0 
groups, and for single dorsal column axons from BeMent and Ranke 
[1] V 34 m/sec, A 47 m/sec. The ordinate is % of standard current for 
criterion performance at 0.1 msec pulse duration. Pulse durations in 
msec are given in brackets. Single axon data are normalized to fit the 
curve at 0.05 msec. The solid curve is a plot of the exponential curve 
1=65/(1-e~-"/°°), the dashed line is for the hyperbolic curve 
I=32.5(1+0.218/D). Only the largest two of SE’s are shown. Most 
SE’s fall within the symbol size. 


elements within range of the electrode, short pulses fire a 
higher proportion of short time-constant elements than do 
long pulses. 

It is also possible that the assumption that the excitable 
elements can be treated as a series resistance-capacitance 
network may not apply to reward neurons; long current 
pulses may produce some change of the membrane charac- 
teristics, or some of the elements close to the electrode may 
fire more than once during a long pulse, requiring fewer ele- 
ments to be fired at the fringe of the stimulated zone. Only 
two points on the curve appear to be clearly below the 
hyperbola, however, so further discussion of the effect of 
long pulses will be postponed until after presentation of the 
results of Experiment 2, which explored that part of the 
strength-duration curve in more detail. 

Turning to the data for pulses shorter than 0.1 msec, Fig. 
2 shows that both LH and PG reward path elements lie close 
to the theoretical curves, which overlap in this region. For 
pulse durations shorter than the time-constant of the ele- 
ments the exponential curve is closely approximated by a 
hyperbola (see Appendix), which appears as a straight line in 
Fig. 2 because of the reciprocal time scale. The slope and y 
intercept of the best fit line to the empirical points can be 
found using the linear regression expression, and from these 
we can calculate the average time-constants of the participat- 
ing elements. The mean values are 0.11 msec, (S.D.=0.037) 
for the LH group and 0.12 msec (S.D.=0.054) for the PG 
group. The mean value for a number of cat dorsal column 
axons is given as 0.107 msec (S.D.=0.004) by BeMent and 
Ranke [1]. 

Comparison of time-constant data in the literature is dif- 
ficult because the results of strength-duration experiments 
are often presented as chronaxies. Chronaxie is very conven- 
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ient to derive from raw data (it is the duration of pulses of 
twice rheobase current) but unfortunately it is impossible to 
translate from chronaxie to time-constant unless the shape of 
the strength-duration curve is known. As may be seen from 
Fig. 2, because the exponential curve is flat at long pulse 
durations its chronaxie is much shorter than that of a hyper- 
bola whose slope in the short pulse-duration region is the 
same. 

If the curve is known to be exponential the time-constant 
is 1.44 times the chronaxie, (found by substituting twice the 
rheobase for the current, and the chronaxie for pulse dura- 
tion in the equation for the exponential curve). For the 
hyperbola the time-constant is half the chronaxie, at least for 
pulses shorter than the time-constant (see appendix). Some 
authors unfortunately convert chronaxie to time-constant 
using a factor that is appropriate for exponential curves 
when in fact their curve is closer to hyperbolic, or of un- 
known shape. 

In spite of many variations in technique, however, 
chronaxies of less than about 0.05 msec are rarely if ever 
reported [1, 3, 6, 8, 9, 10, 12, 19]. This chronaxie value could 
translate into a time-constant of from about 0.03 to 0.07 msec 
depending on the shape of the strength-duration curve. Of 
the most recent and carefully measured values (e.g. [1,12]) 
minimum time constants are close to 0.1 msec. Blair and 
Erlanger [3] who investigated a number of fibers in frog pe- 
ripheral nerve, found that those with conduction velocities 
greater than about 5 m/sec all had the same chronaxie of 
about 0.2 msec. The fact that the time-constants of large 
diameter cat axons [1] are very similar to the much smaller 
elements (presumably myelinated axons) in the rat medial 
forebrain bundle, suggests that the same is true for mamma- 
lian axons. Unmyelinated axons, cell bodies and dendrites 
have much longer time-constants [14]. 

Unless the rat medial forebrain bundle contains unmye- 
linated elements with very unusual properties, strength- 
duration data for short pulse durations support the view 
[7,16] that directly stimulated elements of the LH reward 
system are myelinated axons and extend that theory to in- 
clude the PG reward system. 

Caution must be used in generalizing this conclusion to 
stimulation with longer pulses, however, as the time- 
constants derived from data points between 0.5 and 2 msec 
are much longer than 0.1 msec. In order to investigate the 
strength-duration curve more thoroughly at long pulse dura- 
tions it was decided to perform a further set of measure- 
ments. 


EXPERIMENT 2 


The same subjects, less one LH animal that ceased to 
bar-press part of the way through the experiment, were run 
in the same apparatus using pulse durations of 0.4, 0.286, 
0.20, 0.143, 0.10, 0.125, 0.167, 0.25, 0.333, 0.50, 1.0, 2.0, 
1.333, and 0.667 msec in that order for the first two sessions 
and in the reverse order, starting with pulses 0.286 msec long 
(i.e. 0.286, 0.4, 0.667, etc.) for the next three sessions. 

Another procedural difference was that during pre- 
session warm up all the above pulse durations were pre- 
sented in sequence. This was to make sure that long time- 
constant elements received as much stimulation as short 
time-constant elements during warm up. It was also found by 
experience that the 0.05 probability level of significance for 
the difference in mean rates required to produce a current 
change was unnecessarily stringent and in Experiment 2 cur- 
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FIG. 3. Strength-reciprocal duration plots for LH ®@ and PG 0 
groups, and for rats from Matthews [11] A. The ordinate is % of the 
standard current for criterion performance at 0.1 msec pulse dura- 
tion. Matthews’ data are fitted to the curve at 0.2 msec pulse dura- 
tion. The solid curve is the theoretical strength-reciprocal duration 
curve for a mixture of elements with time-constants of 0.1 and 3 
msec and rheobases 65% and 13% of the normalized current. Only 
the largest SE is shown. Most SE's are smaller than the symbol size. 


TABLE | 





Pulse 
Durations 
Msec 


Time-Constant 
Msec 


LH PG Total 





Mean S.E. 
0.16 + 0.005 
0.54 + 0.045 


Mean S.E. 
0.17 + 0.005 
0.48 + 0.015* 


Mean S.E. 
0.15 + 0.01 
0.62 + 0.09 


0.4-0.1 
2.0-0.4 





*Significant at the 0.05 level (one-tailed /-test). 


rent was recalculated if, after 10 samples, ¢ went outside the 
limits +0.9. Possibly as a result of these modifications the 
data of Experiment 2 were less variable than those of Exper- 
iment |. In all other respects the procedure was the same as 
in Experiment 1. 


RESULTS AND DISCUSSION 


The final currents from each session were normalized by 
dividing by the standard period currents and averaged for 
each rat over the five sessions, as in the previous experi- 
ment. The mean values for each group were calculated and 
plotted against the reciprocal of the pulse durations in Fig. 3. 

Although with the improved resolution of Experiment 2 
the difference between the apparent time-constants of the 
LH and PG groups at long pulse durations is just significant, 
t(5)=2.2, p<0.05 one tailed, for pulse durations between 2 
and 0.4 msec, the difference (0.14 msec) is small compared 
with the difference between the time-constants at long and 
short pulse durations for either group (see Table 1). A likely 
interpretation of these findings is that both pathways have 
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sizeable, and quite similar, long time-constant components. 

An aspect of the data that is probably of more general 
importance is the fact that currents for pulse durations longer 
than about 0.1 msec are less than predicted by the hyperbolic 
equation, which for single fibers usually predicts a lower 
current than is observed empirically. Data from experiments 
using standard threshold methods [11,18] give very similar 
results; those of Matthews [11] are replotted alongside the 
data from the present experiment in Fig. 3. 

Matthews [11] has suggested that multiple firing of axons 
near the electrode could account for the unexpectedly low 
currents required when long pulses are delivered. Microelec- 
trode recordings do reveal multiple firing of axons stimulated 
by long pulses delivered to reward sites [12], but even if 
these are axons of reward system neurons, which is not cer- 
tain, the phenomenon cannot explain the whole effect. The 
minimum refractory period reported for reward axons is 
about 0.5 msec [20], yet the current is already below that 
predicted by the hyperbola for pulses between 0.1 and 0.4 
msec. In fact the current at a pulse duration of 0.4 msec is 
already 50% less than that predicted by the exponential 
curve, which, if we are to accept the data of BeMent and 
Ranke [1] and Matthews [12], is the curve most closely fol- 
lowed by the majority of individual myelinated axons. The 
current at a pulse duration of | msec is considerably less than 
half the value predicted by the exponential curve so that 
every axon would have to fire more than twice for each 
pulse. As a large proportion of the axons are near the border 
of the stimulated zone, and therefore barely reach their firing 
threshold by the end of each pulse, this sets an impossible 
task for the axons that pass close to the electrode. They 
would have to fire four or five times during a | msec pulse. 

An alternative suggestion also made by Matthews [11] is 
more plausible, it is that the curve is a composite of the 
strength-duration curves of elements with a wide range of 
time-constants. It is possible by combining elements having 
time-constants of about 0.11 msec (like those fired by very 
short pulses) with elements having an average time-constant 
of 3 msec and rheobase about one fifth of that of the short 
time-constant elements, to generate a theoretical curve that 
fits the data very closely (the solid curve of Fig. 3). 

It is tempting to conclude that the empirical curve actu- 
ally results from the sum of activity in myelinated axons and 
in elements having the much longer time-constants usually 
associated with unmyelinated axons or cell bodies. Unfor- 
tunately the calculations upon which the composite curve is 
based presuppose that the elements all have the same effect 
on bar-pressing rate. This is unlikely to be true for myelin- 
ated and unmyelinated axons, though it might be true if the 
long time-constant elements were mainly the cell bodies of 
myelinated axons. 

If, as is perhaps more likely, the long time-constant ele- 
ments are mostly unmyelinated axons, it becomes impossi- 
ble to apportion the behavioral effect between the long and 
short time-constant elements. One could argue that unmye- 
linated fibers would have a more potent effect than myelin- 
ated fibers because of their widespread ramification 
throughout the brain and the potency of the monoamine 
transmitters that many of them contain. There are only 
about 3000 noradrenaline cells in the rat locus coeruleus, for 
example, yet they exert a direct influence on almost all fore- 
brain neurons ([4], p. 164). There are only slightly more do- 
pamine cells in the substantia nigra, yet they profoundly in- 
fluence striatal and other forebrain functioning. A relatively 
small increase in unmyelinated fiber activity, by increasing 
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motor-system arousal, could produce a large increase in 
bar-pressing rate. 

It is obvious that there are too many unknowns to venture 
any quantitative inferences from the shape of the reward- 
path strength-duration curves at long pulse durations. There 
is no very plausible alternative, however, to the idea that the 
lower-than-predicted currents are largely due to an increased 
participation of elements whose time-constants are in the 
range of unmyelinated fibers (or possibly very small myelin- 
ated fibers). These elements may influence self-stimulation 
through a different mechanism from that of the system of 
myelinated reward axons usually studied by neurophys- 
iological methods. 

It is intriguing that long time-constant elements should be 
almost as effective in the dorsal raphé-ventral periaqueductal 
gray region, where the unmyelinated axons containing iden- 
tified transmitter substance are predominantly serotonergic, 
as it is in the lateral hypothalamus, where catecholaminergic 
fibers are prevalent. It is conceivable that unmyelinated fi- 
bers containing transmitter substance other than a 
monoamine may influence rates of bar-pressing for brain 
stimulation. 
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APPENDIX 


Overlap of Exponential and Hyperbolic Curves at Short 
Pulse Durations 


When D is small compared with T, a good approximation 
for e~/T in the exponential equation I=Ir/(1-e~”’) is given by 
1—(D/T)+0.5(D/T)*, the first 3 terms of the exponential 
series. Thus for pulses somewhat shorter than the membrane 
time-constant: 


I=Ir/((1—1+(D/T)—(D?/2T?)) 
or I=2Ir.T?(2T-D)-'/D 


but as D is small compared with T, (2T-D)~-'=2T-'+D(2T), ? 
the first two terms of the binomial expansion. 


Thus I[=2Ir.T(2T+D)/4D.T?=0.5Ir(1+2T/D) 


This is a hyperbola with a rheobase of Ir/2 and a 
chronaxie of 2T. Thus the exponential strength-duration 
curve is asymptotic to a hyperbola whose chronaxie is twice 
the membrane time-constant. This is illustrated graphically 
in Fig. 1 where the hyperbolic and exponential curves that 
most closely fit the data for pulse durations of less than about 
0.1 msec are plotted together using a reciprocal time scale for 
pulse duration. This transformation linearizes the hyperbola 
(and thus the exponential curve for short pulse durations) 
making it possible to find the best fit to the data by means of 
a simple linear regression formula. 

A good estimate of the rheobase is given by the intercept 
of this line with the ordinate, and from this and the slope of 
the line it is possible to calculate the chronaxie, which, as we 
demonstrated above, is twice the membrane time-constant. 
This relation holds for short pulses applied to single elements 
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or homogeneous fiber bundles. In fact for pulses less than 
about 0.1 msec it holds also for the shortest time-constant 
elements in a bundle of mixed fibers because only the ele- 
ments with the shortest time-constant determine the shape of 
the strength-duration curve, but there is no way of determin- 
ing the time-constants of other elements in the bundle. 

It is, however, possible to obtain a sort of pseudo- 
chronaxie that applies to the curve between specified pulse- 
durations by finding the y intercept and slope of the best fit 
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line through the data points between those limits. From these 
‘‘chronaxies’’ the corresponding time-constants may be cal- 
culated. The values presented in Table | were calculated in 
this way. It should be emphasized that these are artificial 
values resulting from the combination of many elements with 
different time-constants and probably with different influ- 
ences on self-stimulation. Only when very short stimulating 
pulses are used may it be assumed that the calculated time- 
constants belong to real elements. 
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BROWN, R. E. Preferences of pre- and post-weanling Long-Evans rats for nest odors. PHYSIOL. BEHAV. 29(5) 
865-874, 1982.—Three experiments were conducted on the preferences of infant rats for nest odors. Pre-weanling rats 
preferred their own nest odor to nests of strange litters and showed low preferences for the nest odors of virgin females. 
Nest odors of unmated males were investigated less than the pup’s own nest odor but more than the odors of virgin females. 
Male and female rats did not differ in odor preferences. Rats reared with both their dam and sire did not differ in their odor 
preferences from rats reared with their dam alone when tested at 16-20 days of age, but when tested at 33-38 days of age 
they showed a greater preference for male odors. Post-weanling rats did not show a preference for the nest odors of 
lactating females and began to show sex differences in their preferences. 
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PRE-WEANLING albino rats, gerbils, hamsters, house 
mice and spiny mice are all attracted to nest odors from their 
own home-cage and prefer their own nest odors to clean 
bedding or to bedding soiled by non-lactating females [1, 5, 
8, 9, 10, 26, 29]. In albino rats, house mice, gerbils and spiny 
mice the attractiveness of the home nest has been shown to 
be due to the production of a special maternal pheromone by 
the lactating female [1, 20, 26, 29]. 

The maternal pheromone of the albino rat, called caeco- 
trophe, is snythesized in the caecum of the lactating female 
and released in the feces [15, 16, 17]. Secretion of caeco- 
trophe begins after 14 days of lactation and ceases at about 27 
days post-partum [19,21]. The production of the maternal 
pheromone in the rat depends on high prolactin levels in the 
lactating female [22]. Virgin females which have been in- 
duced to show maternal behavior by concaveation also have 
increased prolactin levels and produce a _ maternal 
pheromone [13,14]. 

The production of the maternal pheromone depends on 
the presence of bacteria in the gut of the lactating female and 
on her diet [15,16]. The presence of pups of the right age is 
also essential for the development of pheromone production 
[17, 18, 25]. The pups themselves may trigger the production 
of the maternal pheromone. Lactating female rats consume 
the feces of their young and when these infants begin to eat 
solid food at about 14 days of age, their fecal pH changes and 
this facilitates pheromone production by the mother [12]. 

All of the Leon and Moltz studies on the maternal 
pheromone in rats have been conducted on Wistar rats. Lac- 
tating Sprague-Dawley female rats also produce a maternal 
pheromone [11], but Long-Evans rats appear to differ from 
Wistar albinos in their pheromonal secretion. Twenty-one 
day old Long-Evans rats are attracted more to an anaesthe- 
tized lactating female than to her feces and find the anal 
excreta of non-lactating females just as attractive as that of 
lactating females [6,7]. In addition to this difference in pref- 


erence for fecal odors of lactating females, Long-Evans rat 
pups also appear to show a change in preferences for their 
home cage odors between 12 and 20 days of age. At 12 days 
of age, these rats prefer soiled bedding from their home cage, 
while at 20 days of age they prefer soiled bedding from the 
cage of another lactating female [4]. These results suggest 
that Long-Evans rat pups can discriminate between their 
own cage bedding and that of another litter of the same age 
and that their preference for the odor of their own nest may 
wane before the pups reach 21 days of age. 

According to the results of Leon [15,17] lactating females 
produce the maternal pheromone from 14 to 27 days post- 
partum and 16 to 20 day old rats are attracted to this odor. 
These infant rats (a) prefer the odor of a lactating female to 
that of a non-lactating virgin female and (b) are not able to 
discriminate between the odor of their own mother and an- 
other lactating female. The results of Galef and Muskus [7], 
however, suggest that for Long-Evans rats (a) the odors of 
virgin non-lactating females are attractive and (b) the anal 
excreta of the lactating female is less attractive than her 
general body odor. 

The present experiments therefore used soiled cage shav- 
ings from lactating and non-lactating Long-Evans rats to 
examine the preferences of infant rats. These experiments 
were designed to examine whether 16-20 day old rats 
showed scalable odor preferences and whether these prefer- 
ences replicated the results of Leon’s experiments. The sex, 
rearing experience and age of the rats were also examined to 
see if these affected the odor preference scales. 


EXPERIMENT | 


This experiment was designed to determine whether in- 
fant rats would show scalable odor preferences as has been 
found with adults [2] and whether differential rearing would 
alter these preference scales. 
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METHOD 
Subjects 


The subjects were 70 Long-Evans hooded rats born to 
parents from the colony kept in the Department of Experi- 
mental Psychology at the University of Oxford, England. 
They were housed in square metal breeding cages 
(30x 30x18 cm) with pine shavings for bedding. Four litters 
(17 males and 19 females) were reared with their dam alone 
and five litters (16 males and 18 females) were reared with 
both their dam and their sire. All rats were housed in the 
same room on a reversed 12:12 L:D cycle with lights out at 
10:00 a.m. All adult rats were fed Dixon’s diet (FFG(M)) 
food pellets. Both food and water were always available ad 
lib. 


Apparatus and Procedure 


When the pups were 16 days of age, they were given 10 
2-min odor preference tests. These tests were conducted in a 
plastic arena measuring 123010 cm which had a paper 
towel covering on the floor. At each end of this arena was a 
circular dish (6 cm in diameter and 1.5 cm high) filled with 
pine shavings. Five sources of shavings were used: fresh, 
unsoiled shavings with no rat odors (N), soiled shavings from 
litters reared with their dam alone (D), soiled shavings from 
litters reared with both their dam and sire (DS), soiled shav- 
ings from cages housing adult virgin females (VF), and soiled 
shavings from cages containing adult unmated males (M). 
The shavings were placed into the circular dishes and differ- 
ent samples of shavings were used on each test day. From 8 
to 12 grams of shavings (average 10 g) were placed in each 
dish. Cages were not cleaned for at least one week before the 
experiment began. 

The 10 odor preference tests involved all possible pairings 
of these 5 odors given in a random order for each different 
litter. Each litter was tested 3-4 times per day between 16 
and 20 days of age. On each test day the pups were separated 
from their parents for 3 hours before the first test. Each pup 
was sexed and marked on the tail with a felt-tip pen for 
individual recognition. Preference tests were conducted 
from 12 noon until 5:00 p.m. (hours 2 to 7 of the dark cycle) 
in a room lit by a 40 W bulb in a desk-lamp placed on the 
floor. 

For each test, all rats in each litter were tested with one 
odor pair and then these odors were replaced with a second 
pair and all pups were tested with that pair. Each litter was 
tested in a different random order. Odor investigation was 
scored only if the rat’s nose was over the lip of the dish 
containing the bedding material. A stop-clock was used to 
time each 2-min test and two cumulative time stopwatches 
were used to record investigation time. 


Statistical Analysis 


The investigation scores of males and females were 
analyzed separately to examine any sex differences. The in- 
vestigation scores for litters housed with their dam alone 
were also analyzed separately from those housed with their 
dam and sire. Correlated samples t-tests were used to exam- 
ine preferences within each of the 10 odor pairs for each 
group of rats. In order to compare the relative attractiveness 
of each type of soiled bedding for male and female rats 
housed under both conditions, however, the odor preference 
scaling procedure developed by Brown [2] was used. 

This procedure involves taking the difference scores for 


TABLE 1 
CALCULATION OF ODOR PREFERENCE SCALES 





Odor 1 
DS M 





D-N DS-N M-N 
N-D DS-D M-D 

DS N-DS  D-DS M-DS 
N-M D-M 

VF N-VF  D-VF 


DS-M 


DS-VF M-VF 





Scale means were calculated by dividing the column sums by the 
number of odors (5). 

Abbreviations: N = no odor; D = litter housed with dam alone; 
DS = litter housed with dam and sire; M = unmated male; VF = 
virgin female. 


each of the 10 preference tests and arranging them in the 
upper right triangle of a 5x5 matrix. The negative values of 
these difference scores are arranged in the lower left triangle 
and the principle diagonal is left empty (see Table 1). Within 
each of the 20 cells of this matrix a cell mean is calculated 
from the difference scores and scale means are then calcu- 
lated by dividing the column sums by 5. These scale means 
can then be used to ‘‘predict’’ the 10 observed cell means 
(i.e., the values in the upper right triangle) and the difference 
between the observed and predicted cell means is calculated 
as a residual. If the scale means account adequately for the 
data in each cell, a high percentage of the within cell variance 
will be accounted for by the scale means and the residuals 
will be non-significant (or negligable). Analyses of variance 
were therefore conducted and F values calculated for the 
scales and the residuals in each group. For those groups with 
significant preference scales, post-hoc tests were conducted 
using the method of Rodger [27,28] to determine which of the 
scale means differed. This method uses the results of the 
post-hoc tests to calculate implied population scale means 
which represent the sizes of the various differences which 
are claimed to exist. 

Because the odor preference scales calculated by this 
procedure are interval scales, the scale value for the no-odor 
stimulus (N) was set to zero for each group. The use of a 
pooled error mean square for analyses of variance in each 
experiment resulted in implied means for each group being 
on the same scale so that the magnitude of the preferences 
for odors could be compared across the four groups in each 
experiment. This scaling procedure is explained more fully in 
Brown [2]. 


RESULTS 


The preferences within each of the 10 odor pairs for males 
and females housed with dams alone or dams and sires are 
shown in Table 2. All four groups of rats preferred the nest 
odors of litters reared with their dam alone (D) to clean shav- 
ings and two groups preferred the nest odors of litters reared 
with their dam and sire (DS) to clean shavings. Only females 
reared with their dam and sire preferred male odors (M) to 
clean shavings. Both males and females reared with their 
dam alone preferred odors from their own litters (D) to odors 





NEST ODOR PREFERENCES OF INFANT RATS 


TABLE 2 


MEAN TIME SPENT INVESTIGATING EACH ODOR IN THE 10 
PREFERENCE TESTS IN EXPERIMENT | 





Rearing Condition* 
Dam alone Dam and Sire 


M F 





95.28 8! 69.08 
22.8 ‘ q 44.7 


60.4 .28 .3§ 65.2 
51.5 ’ r 49.7 


50.9 54. f 79.78 
59.7 ; 2 36.9 


63.2 ‘ : 55.7 
$2.5 : 57. 57.9 


81.68 1S 58. 51.8 
37.3 38. 58. 65.7 


89.8§ .2§ t 52.8 
26.5 34, 58. 63.7 


82.88 68.9% 
VF 32.4 35. 7 47.7 


DS 48.6 $2. i 66.3 
M 68.6 , ; 48.8 


DS 72.6% 84.68 
VF 41.2 37. : 30.8 
M 71.97 .0F ; 62.1 
VF 43.1 : 58. 54.6 





*Results of correlated samples /-tests. For litters reared dam alone 
the df=16 for males and 18 for females. For litters reared dam and 
sire the df=15 for males and 17 for females. tp<0.10; tp<0.05; 
§p<0.01. 


from litters reared with the dam and sire (DS), male odors (M) 
and odors from virgin females (VF). Females reared with 
their dam and sire also preferred odors from litters reared 
with the dam alone to odors of virgin females. Ail four 
groups preferred the odors of litters reared with their dam 
and sire to the odors of virgin females. 

In order to compare preferences across the 5 odors and 
the 4 groups of rats, scale means were calculated and are 
shown in Fig. 1. All groups had significant preference scales 
(Table 3). Both males and females reared with their dam 
alone had significant residuals, but the scale means in these 
groups accounted for a high percentage of the variability 
among the cell means and the residuals were negligible. The 
high percentage of variance among cell means accounted for 
by the scale means indicates that these scale means provide 
good descriptions of odor preferences. 

Because the scale means are subject to sampling error, 
sets of 4 post-hoc contrasts were selected to make decisions 
about differences between scale means within each group. 
These decisions were then used to calculate the implied 
population scale means shown in Fig. 2. These implied scale 
means correlate very highly with the sample scale means 
(Table 3) thus the interpretation of the results in Fig. 2 is in 
agreement with the sample data shown in Fig. 1. 

Both males and females reared with their dam alone 
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O Males 
@ Females 


S. 1 1 1 i 





b. Reared with Dam and Sire 
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FIG. 1. Mean sample scale values for time spent investigating odors 
by pre-weanling male and female rats reared with their dams alone 
or with their dam and sire in Experiment 1. Abbreviations for odors: 
N = clean pine shavings; D = soiled shavings from litters reared 
with their dam alone; DS = soiled shavings from litters reared with 
their dam and sire; M = soiled shavings from unmated adult males; 
VF = soiled shavings from virgin females. 


showed the preference scale N = VF < DS = M < D with 
implied scale means 0, 0, 0.25, 0.25 and 1.36 o units for 
males and 0, 0, 0.53, 0.53 and 1.57 o units for females. By far the 
greatest preference of these rats was that shown for their 
own nest odors (D) which were preferred to the nest odors of 
rats reared with both their dam and their sire (by 1.11 o units 
for males and 1.04 o units for females). The odors of adult 
males were not preferred to those from litters reared with 
both their dam and sire and the odors of virgin females were 
not preferred to clean shavings. 

Males and females reared with both their dam and sire 
showed the odor preference scale N = VF < M = D< DS, 
with implied means of 0, 0, 0.42, 0.42 and 0.72 o units for 
males and 0, 0, 0.42, 0.42 and 0.66 o units for females. Again, 
the own cage odors (DS) were the most preferred, but the 
magnitude of the preference was much lower than that of rats 
reared with their dam alone. The preference for own nest 
odors (DS) over odors from litters reared with their dam 





TABLE 3 


SUMMARY OF ANALYSES OF VARIANCE FOR ODOR PREFERENCE SCALES 
(EXPERIMENT 1) 





Correlation 
% Variation between 
Scale Means Residuals accounted Implied 
for by means and 
Group MS F scale means scale means 





Reared with dam 
Males 19.413* 
Females b 25.162* 
Reared with dam 
and sire 
Males 1.893 5.961* 0.451 1.420 73.67 
Females 2.324 7.318* 0.269 0.849 85.18 .989 





The pooled error variance over the four groups was 0.31755 with 660 df and this was used in all F 
tests. Roger’s [28] critical F values are Fp 9o(4,660)=2.580 for scale means and F, .(6,660)=2.072 for 
residuals. 

*p <0.01. 





a Rear 

ared with Dam alone was only 0.30 o units for males and 0.24 o for females. 
Male odors were as attractive as those of litters reared with 
O Males the dam alone and the odors of virgin females were not pre- 


ferred to clean shavings. 
@ Females 8 


DISCUSSION 


The results of this experiment indicate that 16 to 20 day 
old rats are able to scale their odor preferences and show the 
greatest preference for their own soiled bedding. Male and 
female pups did not differ in their odor preference scales nor 
did rearing pups with the dam and sire alter preference 
scales. Preference scales of rats reared with their dam and 
sire were, however, lower in magnitude than those of pups 
reared with the dam alone. The rats reared with the dam and 
sire appeared to generalize their preferences to both the 
odors of the litters reared with the dam alone and to the 
odors of unmated adult males. Since these litters were ex- 
posed to both the odors of lactating females (dams) and the 
b. Reared with Dam and Sire odors of adult males (sires) they had a wider range of familiar 
odors than the rats reared with their dams alone and may 
0 Males : ; 

therefore have had a wider range of preferences and did not 
w Females spend as much time investigating their own litter odor as rats 
reared with their dam alone. All groups of rats showed the 
greatest preference for their own nest odors and the lowest 
preference for odors of nonlactating virgin females. They 
also preferred their own nest odor to that of litters reared in 
different conditions. These results confirm the findings of 
Leon [15, 17, 18] that infant rats prefer the odor of lactating 
females to those of virgin females, but they also suggest that 
these rats can identify their own nest odors. 

Because the nest odors of two litters reared under the 
same conditions were not compared, however, these results 
Odor cannot be directly compared to those of Carr, Marasco and 

Landauer [4] nor can it be claimed that infant rats can dis- 

criminate between their own nest and that of another litter. A 
FIG. 2. Implied population scale means for time spent investigating second experiment was designed to test the ability of rat 
odors in Experiment 1. pups to make this discrimination. 
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NEST ODOR PREFERENCES OF INFANT RATS 


EXPERIMENT 2 


Since it was found that infant rats could discriminate be- 
tween their own soiled bedding and that of a litter reared 
under different conditions, this experiment was designed to 
determine whether infant rats showed a preference for soiled 
bedding from their own nest to that from the nest of another 
litter reared under the same conditions. 


METHOD 
Subjects 


Eighty-two rats from 9 litters born at the University of 
Oxford were used as subjects. They were housed, fed and 
treated the same as the rats used in Experiment |. Five litters 
(21 males and 22 females) were housed with their dam alone 
and four litters (20 males and 19 females) were housed with 
both their dam and their sire. 


Apparatus and Procedure 


The test arena was the same as that used in Experiment 1, 
and the same five bedding odors were used, but the odor 
pairings differed. Instead of pairing bedding from litters 
reared with dams and litters reared with dams and sires, the 
rats reared with dams were tested with bedding from their 
own nest (Do) and that from the nest of a strange litter reared 
with the dam alone (Ds). This resulted in all possible pairings 
(10 tests) of five odors: clean pine shavings (N); soiled shav- 
ings from the rats own nest (Do); soiled shavings from a 
strange nest of pups of the same age (Ds); soiled shavings 
from the cage of an unmated male (M) and shavings soiled by 
a virgin female (VF). 

Rats reared with both their dam and sire were tested with 
all pairs of the 5 odors from clean pine shavings (N), soiled 
shavings from their own cage (DSo); soiled shavings from a 
strange litter reared with their dam and sire (DSs); shavings 
soiled by an unmated male (M) and shavings soiled by a 
virgin female (VF). 

The test procedure was the same as that described for 
Experiment | and the same statistical analyses were used on 
the data. 


RESULTS 


The mean times spent investigating each odor in the 
pairwise tests are shown in Table 4. All four groups of rats 
preferred their own nest odor (Do or DSo) to no odor; the 
nest odor of a strange litter (Ds or DSs) to no odor; male nest 
odors (M) to no odor and the odors from nests of virgin 
females (VF) to no odor. Only rats reared with their dam and 
sire preferred their own nest odor to that of unmated males 
but all four groups preferred their own nest odor to odors 
from virgin females. Females reared with their dam alone 
preferred nest odors from strange litters to odors of virgin 
females and males reared with their dam alone preferred 
male odors to those of virgin females. 

In order to compare the preferences for each odor scale 
means were calculated and are shown in Fig. 3. Males and 
females reared in both conditions all showed significant pref- 
erence scales (Table 5) and only the males reared with their 
dam alone showed a significant residual. The scale means 
account for a high percentage of the variability among the 10 
cell means (Table 5) so provide a good representation of the 
odor preferences. 

Post-hoc contrasts led to decisions resulting in the implied 
means shown in Fig. 4. These implied means are highly cor- 


TABLE 4 
MEAN TIME SPENT INVESTIGATING EACH ODOR IN THE 10 
PREFERENCE TESTS IN EXPERIMENT 2 





Rearing Condition* 
Dam alone Dam and Sire 


M M F 





84.5§ 80.28 73.4§ 85.9§ 
30.0 34.0 37.5 29.1 
65.9% 83.9§ 74.78 84.08 
43.2 31.0 38.6 27.8 
88.25 79.18 86.25 92.08 
27.1 34.2 26.2 22.1 


VF 79.68 84.78 73.98 70.68 
N 37.8 30.7 37.7 37.8 


Do/DSo 57.6 56.6 65.3% 59.8 
Ds/DSs 58.6 59.6 46.2 52.9 


Do/DSo 69.47 66.0 75.88 75.28 
M 45.2 48.7 36.8 38.8 


Do/DSo 70.62 71.93 71.03 76.7§ 
VF 45.0 44.8 42.1 35.5 


Ds/DSs 50.0 56.5 49.7 50.3 
M 54.8 58.5 63.5 60.0 
Ds/DSs 71.77 72.9% 55.4 58.4 
VF 42.7 42.9 56.7 52.9 
M 65.82 63.5 62.07 60.3 
VF 49.7 50.9 48.2 53.8 





*Results of correlated samples t-tests. For litters reared dam alone 
df=20 for males and 21 for females. For litters reared dam and sire 
df=19 for males and 18 for females. tp<0.10; $p<0.05; §p<0.01. 


related with the sample means (Table 5) and thus give an 
accurate representation of the data. 

Males and females reared with their dams alone had the 
preference scale N < VF < M = Ds < Do. For males the 
implied means were 0, 0.71, 1.17, 1.17 and 1.36 o units and 
for females the implied means were 0, 0.90, 1.25, 1.25 and 
1.40 o units. Own litter odors were clearly preferred to the 
odors of virgin females (Do — VF = 1.65 o units for males 
and 0.50 o units for females). Own litter odors were also 
preferred to male odors and strange dam only litters, but the 
size of this preference was quite small (Do — Ds = 0.19 ¢ 
units for males and 0.15 o units for females). The odors of 
virgin females were preferred to clean pine shavings (0.71 o 
units for males and 0.90 o for females) and odors of unmated 
males were preferred to the same degree as the odors from 
strange litters. 

Both male and female rats reared with their dam and their 
sire also showed the prefernce scale N < VF < M = DSs < 
DSo. For males the implied scale means were 0, 0.73, 0.87, 
0.87 and 1.32 o units, and for females the implied scale 
means were 0, 0.96, 1.29, 1.29 and 1.70 o units. Again, both 
the males and females showed the greatest preference for 
their own litter odor over those of virgin females (DSo — VF 
= 0.59 o units for males and 0.74 o for females). Own litter 
odors were also preferred over male odors and strange litters 
reared with their dam and sire, but the magnitude of this 





TABLE 5 


SUMMARY OF ANALYSES OF VARIANCE FOR ODOR PREFERENCE SCALES 
(EXPERIMENT 2) 





Correlation 
% Variation between 
Scale Means Residuals accounted Implied 
for by means and 
Group F MS F scale means scale means 





Reared with dam 
Males 20.527* 
Females 22.990* 
Reared with dam 
and sire 
Males 4.180 17.114* 0.436 1.786 86.46 
Females 6.567 26.883* 0.494 2.024 89.85 





The pooled error variance was 0.24426 with a df=780. Rodger’s [28] critical F values are 
Fy 99(4,780)=2.570 for scale means and Fy oo(6,780)=2.053 for residuals. 
*n<0.01. 
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NEST ODOR PREFERENCES OF INFANT RATS 


preference was much less (DSo — DSs = 0.45 o units for 
males and 0.41 o for females). Odors of virgin females were 
preferred to clean shavings (0.73 o units for males and 0.96 o 
units for females). 


DISCUSSION 


As in Experiment 1, both males and females showed the 
same preference scale in each rearing condition, and own 
litter odors were preferred to all other odors. Unlike Exper- 
iment 1, however, the odors of virgin females were much 
more attractive than no odor, and the rats reared with both 
their dam and their sire showed a greater preference for their 
own litter odor than the rats reared with their dam alone. 

It is clear that odors of virgin females are the least attrac- 
tice of the four types of soiled bedding and that own litter 
odors are the most attractive. Infant Long-Evans rats 16-20 
days of age cannot only discriminate between lactating and 
virgin female cage shavings, but also between their own cage 
shavings and those of another litter reared under the same 
conditions. This discrimination between litters is easier if the 
sire is present, possibly because the odors of the sires add to 
the odor environment of the pups and aid them in their dis- 
crimination between own and strange litter odors. Similar 
results have been found with gerbils [8]. 


EXPERIMENT 3 


It is known that Wistar albino rat pups are no longer 
attracted to the odor of lactating females after they reach 27 
days of age [19,21]. The third experiment examined the 
changes in odor preferences in juvenile Long-Evans rats 
which had been weaned for at least one week. 


METHOD 
Subjects 
Fifty-six rats from six litters born at Oxford University 
were used as subjects. Three litters (17 males and 19 females) 
were reared with their dam alone and three litters (10 males 
and 10 females) were reared with both their dam and their 


sire. At 25 days of age the rats were weaned and placed into 
groups of 3 or 4 same-sex littermates in plastic cages. 


Apparatus and Procedure 


One week after they were weaned (approximately 33 days 
of age) each rat was given a set of 10 2-min odor preference 
tests as in Experiment |. Five different odors were used. 
These consisted of clean pine shavings (N); soiled bedding 
from 16 to 20 days post-partum litters reared with their dam 
only (D) or their dam and sire (DS); soiled bedding from the 
juvenile rats’ own group cage (G); soiled bedding from an 
adult male (M); and soiled bedding from a virgin female 
(VF). 

The test procedure and statistical analyses were the same 
as those described for Experiment 1. 


RESULTS 


The mean times spent investigating odors in each pairwise 
test are shown in Table 6. Very few tests yielded significant 
preferences. Only males reared with their dam alone pre- 
ferred their own group odor to no odor while both groups of 
females preferred the nest odors from lactating females to no 
odor. All four groups of rats preferred odors of adult males to 
their own group odor but only the two female groups pre- 
ferred male odors to those of virgin females. 


TABLE 6 


MEAN TIME SPENT INVESTIGATING EACH ODOR IN THE 10 
PREFERENCE TESTS IN EXPERIMENT 3 





Rearing Condition* 
Dam and Sire 
M F 


Dam alone 





49.9 41.6 
42.0 44.6 


49.9 51.6% 
40.9 35.6 


52.9 47.1 
42.6 45.6 


49.4 50.5 
39.3 40.1 


49.4 50.7 
51.6 42.0 
37.3 34.5 
58.14 63.14 
43.0 45.0 
49.9 43.8 


Ds/DSs 51.67 44.0 
M , : 41.7 48.1 


Ds/DSs 3. e 41.5 49.6 
VF ; : 49.9 47.2 


M ; 51.43 46.5 52.0% 
VF ae 37. 41.6 39.5 





*Results of correlated samples t-tests. Males reared dam alone 
have df=16, females reared dam alone have df= 18; males and females 
reared dam and sire have df=9. tp<0.10; tp<0.05; §p<0.01. 


Scale means were calculated for each of the four groups 
and are shown in Fig. 5. Both males and females reared with 
their dam alone showed significant preference scales (Table 
7) and both of these groups also had significant residuals. 
The scale means for males reared with their dams are not 
very good representations of the cell means as they account 
for only about 44% of the variance among these means. The 
scale means for females reared with their dams were better 
representations of the cell means; but still only accounted for 
about 71% of the between cell variance. Neither males nor 
females reared with both their dam and sire showed signifi- 
cant preference scales (Table 7). The scale means for both 
males and females were very similar (see Fig. 5), so were 
combined, resulting in a significant preference scale (Table 
7), but also a significant residual. These scale means, how- 
ever, account for only about 58% of the between cell vari- 
ance. 

Post-hoc tests were used to make decisions about the 
differences among cell means and resulted in the implied 
means shown in Fig. 6. Males reared with their dams had the 
preference scale N = O = Ds < M = VF with implied means 
0, 0, 0, 0.37 and 0.37 o units, respectively. This is a weak 
preference scale and indicates that these males are no longer 
attracted to maternal odors (Ds) and prefer the odors of adult 
males and virgin females to those of lactating females, but 





TABLE 7 


SUMMARY OF ANALYSES OF VARIANCE FOR ODOR PREFERENCE SCALES 
(EXPERIMENT 3) 





Scale Means 


Group 


Correlation 
between 
Implied 

means and 

scale means 


% Variation 
accounted 
for by 
scale means 


Residuals 





Reared with dam 
Males 
Females 

Reared with dam 

and sire 

Males 
Females 
Both sexes 


0.157 115 
0.158 2.129 
0.279 5.164* 


0.059 
0.131 
0.135 


0.802 
1.773 


2.512* 


57.82 





The pooled error variance for all groups was 0.07399 with 520 df. The critical F values for 
F, 9o(4,520)=2.607 for scale means and Fy 9(6,520)=2.094 for residuals. 


*)<0.01. 


this is not a strong preference (0.37 o units). The odors of the 
group of 4 littermates (G) are not preferred to clean bedding. 

Females reared with their dams had the preference scale 
N < O = VF < Ds = M with implied means 0, 0.47, 0.47, 
0.96 and 0.96 o units, respectively. These females preferred 
the odors of strange lactating females (Ds) and adult males 
(M) the odors of virgin females and their own group odor (G) 
by 0.49 o units and preferred the latter odors to clean shav- 
ings by 0.47 o units. 

Males and females reared with both their dam and sire 
had the preference scale N = O < DSs = VF < M with 
implied means of 0, 0, 0.21, 0.21 and 0.64 o units, respec- 
tively. In these rats the odor of adult males was preferred to 
those of virgin females and strange litters reared with both 
the dam and sire by 0.43 o units while the latter odors were 
preferred to clean shavings by 0.21 o units. 


DISCUSSION 


The results of this experiment indicate that the prefer- 
ences of 33-38 day old post-weanling rats are very different 
from those of 16-20 day old pre-weanling rats. As found by 
Leon and Moltz [21] and by Holinka and Carlson [11], pups 
over 30 days of age showed a reduced preference for the 
odors of lactating females. For those rats reared with their 
dams alone the preferences appear to be gradually shifting to 
the odor preferences seen in adult rats [2], while both male 
and female rats reared with both their dam and sire show the 
greatest preference for the odors of adult males. This may be 
the result of some process of imprinting to the odors of the 
adult males as was suggested for mice by Wuensch and 
Cooper [30] and as suggested for rats exposed to artificial 
odors [23,24]. 


GENERAL DISCUSSION 


The three experiments reported here examined the effects 
of sex, rearing environment and age on the preferences of 
pre- and post-weanling Long-Evans rat pups for nest odors. 
The results of these studies indicate that (a) rat pups have 
odor preferences which are scalable, (b) at 16-20 days of age 
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there are no sex differences in these preference scales and (c) 
rearing with both the dam and sire does not alter the odor 
preference scales of pre-weanling rats. These odor prefer- 
ence scales indicate that (d) own nest odors are preferred to 
the odors of virgin females by a large magnitude and (e) own 
nest odors are preferred to the odors from nests of strange 
litters of the same age, but by a smaller magnitude. (f) The 
more similar the strange nest is to the pups’ own nest, the 
more difficult is the discrimination, and the presence of the 
sire may add an odor which makes it easier for rats reared 
with both their dam and sire to discriminate between their 
own nest and one of another litter reared under the same 
conditions. (g) One week after weaning rats are no longer 
attracted to the nest odors of 16-20 day lactating females and 
begin to show adult odor preferences. (h) Those rats reared 
with their dam and sire, however, indicate that, they may 
have imprinted to the odor of the adult male. 
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There is no evidence in this study to support the findings 
of Carr, Marasco and Landauer [4] that from 16 to 21 days of 
age pups prefer the odor of a strange nest over the odor of 
their own nest. In both Experiments | and 2 there was a 
preference for own nest over that of a strange nest. 

It is not clear why all pre-weanling rats preferred the 
odors of adult males to those of virgin females. Perhaps the 
testosterone metabolites of males make their cage odors 
smell stronger than those of females or give them a smell 
which is somehow like that of a lactating female, but this is 
unknown. Some support for the similarity of odors of males 
and lactating females comes from the finding that the urine of 
lactating female mice will accelerate puberty in juvenile 
females and increase the duration of estrus in adult females, 
effects which are produced by the odors of adult males but 
not by odors of adult females [Sa, 1 la]. 

One surprising result of this study was the degree of pref- 
erence for the nest odors of non-lactating, virgin females in 
Experiment 2. In Experiment | the odors of virgin females 
were not preferred to the no-odor control, but in Experiment 
2 virgin female odors were investigated almost as much as 
the other odors. The results of Experiment 2 support the 
claim of Galef and Muskus [7] that Long-Evans rat pups find 
the odors of virgin females highly attractive, while the results 
of Experiment | refute this claim. 

The differences in preferences for virgin female odors in 
Experiments | and 2 are difficult to explain. All rats were 
from the same stock, reared in the same room under the 
same conditions and fed the same food. Experiment | was 
conducted from August to November 1976 and Experiment 2 
from August to October 1977 and all tests were done in the 
same room under the same conditions. The only aspect 
which may have differed is the amount of odor in each cage, 
but each cage contained at least one week’s soiled bedding. 

The amount of soiled bedding used in the preference tests 
ranged from 8 to 12 grams but no care was taken to equalize 
the number or age of feces in each bedding sample. Since 
experiments were conducted over a 3 month period and each 
litter was tested over 3 days with different nest samples 
taken each day, it was felt that any differences in numbers of 
feces and weights of cage shavings would be randomized. 
But, lactating females produce more feces than virgin 
females [7] and males may also produce more feces than 
virgin females. Since preferences may have depended on the 
number and volatility of feces in the shavings or on the urine 
odors in the shavings [11] these experiments were replicated 
controlling the number and age of the feces (see Brown and 
Elrick [3]). 
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CONTRERAS, R. J., E. FOX AND M. L. DRUGOVICH. Area postrema lesions produce feeding deficits in the rat: 
Effects of preoperative dieting and 2-deoxy-D-glucose. PHYSIOL. BEHAV. 295) 875-884, 1982.—To investigate the 
possible role of the area postrema (AP) in the control of food intake and body weight, male albino rats were divided into 
four groups: (a) animals dieted to 80% of their original body weights prior to receiving AP lesions, (b) nondieted animals 
with AP lesions, (c) animals dieted to 80% prior to receiving sham lesions, and (d) nondieted animals with sham lesions. 
Lesions of the AP in nondieted rats resulted in hypophagia, hypodipsia and body weight loss followed by recovery of 
normal intake and maintenance of body weight at a fixed percentage of the sham operated animals’ weight. Reducing body 
weight prior to surgery led to body weight maintenance levels equivalent to those of the nondieted groups. We also tested 
the animals for sensitivity to glucoprivation caused by intraperitoneal injections of 2-deoxy-D-glucose (2-DG). Injections of 
2-DG produced hyperphagia in sham lesioned rats, but not in rats with AP lesions. Our data suggest that the effects of AP 
lesions on intake and body weight are similar, in several important respects, to the lateral hypothalamic feeding syndrome 
and to the effects of subdiaphragmatic vagotomy. We discuss the results with respect to hierarchical levels of neural 


circuitry involved in controlling feeding behavior. 


Food and water intake 
Glucoprivic feeding 


Area postrema 
tract 2-Deoxy-D-glucose 


Body weight regulation 


Brain stem lesions Nucleus of the solitary 





ANATOMICALLY, the area postrema (AP) seems ideally 
suited to function in the neural control of both food intake 
and body weight. Lacking a blood-brain barrier and located 
against the fourth ventricle, the AP is exposed directly to 
chemical signals from the blood stream and possibly from the 
cerebral spinal fluid. Furthermore, the AP is bordered later- 
ally by and innervated reciprocally with the nucleus of the 
solitary tract [35], which comprises the primary sensory 
areas for both gustatory (facial, glossopharyngeal, vagus) 
and visceral (vagus) afferents [4, 10, 55]. The vagus nerve 
also innervates the AP directly [26,27]. Thus, the AP is in a 
likely position to integrate chemical signals from the blood 
stream and even the cerebral spinal fluid with neural signals 
from gustatory and visceral receptors to modulate intake and 
control body weight [13, 14, 18]. 

The visceral sensory input which the AP, along with the 
nucleus of the solitary tract, receives from the vagus nerve 
has added importance in considering the area postrema’s 
role in ingestive behaviors. Various studies have reported 
that severing the vagus, a mixed sensory-motor nerve, below 
the diaphragm is associated with postoperative hypophagia 
and lowered body weight levels [34, 39, 41] and insensitivity 
to intravascular injections of 2-deoxy-D-glucose [37]. There- 
fore, the effects of lesions to the AP may be interpreted, in 
part, as a central lesion of visceral afferents of the vagus [23]. 


Despite earlier reports of weight loss after AP lesions in 
rats [6,7], relatively little is known of the effects of AP le- 
sions on body weight and food intake. On the other hand, the 
deficits that occur after lesions of the lateral hypothalamus 
(LH) constitute a classic syndrome in the psychobiological 
literature of motivation. Bilateral lesions of the LH result in 
aphagia, adipsia, body weight loss and sometimes death [2]. 
With adequate postoperative care, however, rats with le- 
sions of the LH recover from the immediate postoperative 
effects of the surgery to resume normal eating and drinking 
in a well defined sequence of stages [52]. To account for 
these lesion-produced changes, it has been variously 
suggested that lesions of the LH produce motivational [2,52], 
motor [5], body weight [40], sensorimotor [1,32], viscero- 
metabolic [19, 20, 21, 31, 39] and activational [3, 50, 51, 58] 
disturbances which in turn disrupt normal feeding and drink- 
ing. 

Providing impetus to the present work was our observa- 
tion that lesions of the AP in rats produce chronic reductions 
in average body weights to 87% of those of sham control 
animals [13]. This result is strikingly similar to the main- 
tained reductions in body weight (85%) reported by Powley 
and Keesey [40] in rats with lesions to the LH. This apparent 
similarity in the patterns of weight change after the two cen- 
tral lesions further suggests that the AP, like the LH, is part 
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of the central autonomic circuitry involved in the control of 
body weight. 

In addition to maintaining a lowered body weight level, 
lateral hypothalamic lesioned rats defend their lowered 
weight levels against a variety of experimental manipulations 
such as force-feeding, maintenance on a highly palatable diet 
and preoperative dieting [30]. In particular, reducing the 
body weights of rats prior to lesioning the LH shortens or 
eliminates the postlesion period of aphagia [21, 40, 45]. Thus, 
according to the Powley and Keesey view, the LH may be 
involved in determining the set point (or ‘‘settling point” 
according to Davis and Wirthshafter [15]) for body weight 
regulation. 

Although lateral hypothalamic lesioned rats regain their 
ability to control food intake and maintain body weight, al- 
beit at a lower level, these recovered animals fail to increase 
their food intake in response to glucoprivation produced by 
insulin [17] or by 2-deoxy-D-glucose [29, 33, 38, 56]. The 
possible implication of these findings is that the LH is in- 
volved specifically with increased feeding induced by 
glucoprivation [59], although this is a subject of controversy 
[28,43]. 

In the present experiment we studied the short- and long- 
term effects of lesions of the AP on food and water intake 
and on body weight in male rats. To investigate further the 
possible similarities between the effects of AP and lateral 
hypothalamic lesions, we tested AP lesioned rats for two 
important deficits generally accepted as characteristic of the 
lateral hypothalamic feeding syndrome. First, we examined 
the effect of preoperative weight reduction on postoperative 
food and water intake and on body weight maintenance 
levels. Second, we explored the possibility that the hyper- 


phagic effect of 2-deoxy-D-glucose is attenuated in rats with 
AP lesions. 


METHOD 
Subjects 


The subjects were male albino rats of the Sprague-Dawley 
strain (Charles River), which were 70 days old and weighed 
between 287 and 328 g at the start of the experiment. The 
animals were housed in individual wire cages equipped with 
100-ml graduated drinking tubes. The colony room was on a 
12:12 hr light:dark cycle with lights on at 0700 hr. Purina rat 
pellets and tap water were available ad lib unless otherwise 
specified. 

The 30 animals were randomly assigned to four groups. 
Eighteen received AP lesions and 12 received sham opera- 
tions. Of the 18 lesioned animals, 9 were reduced to 80% of 
their previous body weights (dieted/lesion group) and 9 were 
fed ad lib (free-fed/lesion group) prior to the lesions. Of the 
12 sham operated animals, half were reduced to 80% of their 
original levels (dieted/sham group) and half were fed ad lib 
(free-fed/sham group) prior to surgery. 


Procedure 


Dieting. After baseline measures of body weight were 
obtained (4 days), the animals in the two dieted groups were 
put on a restricted feeding schedule. They were deprived of 
food for one day and allowed 10+2 g of food pellets on each 
subsequent day. Once an animal achieved its target weight 
level (80% of its predieting weight), its food ration was ad- 
justed daily on a trial and error basis to maintain the desired 
weight. In five days of limited food intake the mean body 
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weights of the two groups were reduced to about 80% of their 
original values. One to three days later the lesions and sham 
operations were performed. Daily records of body weight 
were kept for the duration of the experiment. 

Lesions. The experimental animals received lesions to the 
area postrema while under sodium pentobarbital (Pentosol, 
IP, 50 mg/kg of body weight) anesthesia. Each animal was 
placed in a headholder so that the head was oriented at about 
a 30° angle with the nose pointed downward. The skin and 
muscles covering the external occipital protuberance were 
retracted and the atlanto-occipital membrane joining the 
cranium with the spinal column was severed, exposing the 
dorsal medulla near its caudal end. After penetrating the 
meninges to enter the cisterna magna and clearing the cere- 
bral spinal fluid, the AP was immediately accessible. The AP 
was removed by gentle aspiration through a 28-ga blunted 
needle with the aid of an operating microscope. Gelfoam, an 
absorbent material, was placed on top of the dorsal brain 
stem, and the overlying muscles and skin were sutured. 
Sham operations were performed similarly except that no 
damage was inflicted to the AP. 

Maintenance. Immediately after the operations, all rats 
were returned to their cages where they had access to food 
pellets and water. Each day for four weeks records were 
taken of 24 hr water intake as well as of body weight. Food 
intake was measured daily for one week, then twice weekly 
for the next three weeks. On days when food intake was 
recorded, a preweighed amount (50+1 g) of rat pellets was 
placed on the floor of each cage and a paper towel was 
placed underneath to collect spilled food. Twenty-four hours 
later the uneaten food pellets and spillage were collected and 
weighed. The sum of these weights was subtracted from the 
initial weight of the pellets to determine the amount con- 
sumed. 

2-Deoxy-D-glucose. Beginning 30 days after the lesions, 
the animals received daily intraperitoneal injections of 
2-deoxy-D-glucose (2-DG) or of physiological saline. For 
both adaptation and testing periods, the animals were 
weighed and 30 min later each animal received an appropri- 
ate injection. Food intake was determined by scattering a 
preweighed amount (15+1 g) of food pellets on the cage floor 
immediately prior to the injections and measuring (to the 
nearest 0.01 g) the remainder, including spillage, 2 hr later. 
Water intake (to the nearest 1.0 ml) was also measured over 
this 2 hr period using graduated glass drinking tubes. For the 
first two adaptation days, the animals received one injection 
of 2-DG (100 mg/kg of body weight) and one of saline to 
accustom the animals to the daily routine. (These initial data 
were not included in data analysis.) Thereafter, each rat re- 
ceived four doses of 2-DG (100, 200, 400 and 800 mg/kg of 
body weight in a 25 mg/ml saline solution) and four injections 
of corresponding volumes of saline. The order of the eight 
injections was randomized for each subject except that no rat 
received 2-DG on two consecutive days. 


Histology 


At the conclusion of the study (about 45 days after the 
lesions) the animals were reanesthetized with sodium pen- 
tobarbital and perfused intracardially with physiological 
saline followed by 10% Formalin. The brains were removed 
and stored in the same fixative for at least 48 hr and then in a 
30% sucrose-Formalin solution for an additional 48 hr. 
Fifty-um-thick transverse slices through the medulla and 
cervical spinal cord were made by frozen sectioning with a 
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slicing microtome and section freeze (Lipshaw). The sec- 
tions were mounted on gelatinized slides and stained with 
cresylecht violet. 

Brains from experimental animals were compared to 
brains from sham controls in terms of the amount of tissue 
damage inflicted to the AP and to the nucleus of the solitary 
tract on both sides of the brain. To derive a quantitative 
estimate of the sizes of the lesions, selected sections were 
projected (70x , Bausch and Lomb microprojector) onto trac- 
ing paper divided into a grid with squares 2.54 mm to a side. 
In the rat the longitudinal extent of the AP is 500-600 um, 
extending from the obex rostrally to the caudal end of the 
fourth ventricle. For scoring, four sections representative of 
the longitudinal extent of the AP, at about 100 um intervals, 
were reconstructed over the grid. The number of squares 
contained within the borders of the reconstructions at all 
four levels were counted. The criterion for including a square 
in the count was that 50% of its area be contained within the 
tracing. These procedures were carried out without refer- 
ence to the animals’ behavioral data. 


Statistical Analyses 


Unweighted analyses of variance were performed on the 
body weight, and on the food and water intake data after 
surgery with lesion and diet as between subject variables 
crossed with days in a repeated measures design. The re- 
peated measures across postsurgical days included every 
day for the body weights, every third day for the food in- 
takes, and the average of every two days for the water in- 
takes. In addition, unweighted analyses of variance were 
performed on the food and water intake data following 2-DG 
administration with lesion and diet as between subject vari- 
ables crossed with drug (saline; 100, 200, 400 and 800 mg/kg 
of 2-DG) in a repeated measures design. For purposes of 
analysis, the food and water intakes of each animal after the 
four saline injections during the 2-DG tests were averaged 
and treated as a single value. Contrasts [57] were performed 
on the food intake data separately for the lesioned and the 
sham lesioned animals to contrast the effects of saline with 
those of the four doses of 2-DG. 


RESULTS 
Body Weight 


Figure 1 shows the average daily body weights for the 
four groups of rats from the start of the experiment until 28 
days after surgery. For graphical purposes, average body 
weights are plotted on every other day. Initially, all groups 
displayed a steady weight gain (about 4 g/day) typical of 
young adult male rats. Prior to the lesions the weights of the 
dieted animals were reduced to approximately 80% of their 
predieting levels. Surgery was performed on Day 0. 

Lesions of the area postrema resulted in significant re- 
ductions in body weight that were never regained, 
F(1,26)=52.498, p<0.001. As shown in Fig. 1, the average 
weight of the free-fed/lesion group declined steadily after the 
lesion until they reached their point of maximal weight loss 
at an average of 9.67 days postlesion, at which point they 
were reduced to 75% of the body weight level of the free- 
fed/sham group. Thereafter, these AP lesioned rats started 
gaining weight and first reached their chronic level of body 
weight maintenance at an average of 12.1 days postlesion. 
The chronic level of body weight was determined for each 
lesioned animal in a manner similar to that done previously 
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FIG. 1. Average body weights of the four groups of rats are plotted 
on every other day from the start of the experiment until day 28 after 
surgery. Dieted animals were on a restricted feeding schedule during 
the last six to eight days prelesion, while the free-fed animals ate ad 
lib. Rats received either lesions to the area postrema or sham opera- 
tions on Day 0. Area postrema lesions produce dramatic reductions 
in body weight that were never recovered. Preoperative dieting to 
80% of the original weights did not alter chronic body weight main- 
tenance levels. 


[39]. Briefly, days 16 through 20 postlesion were chosen as 


representative of the chronic levels of body weight mainte- 
nance, because the body weight curves of the lesioned 
groups were parallel to the free-fed/sham group curve during 
this period. Thus, the body weight maintenance level for 
each lesioned rat was defined as its average body weight 
during days 16 through 20 expressed as a percentage of the 
free-fed/sham group weight. Throughout the period from 12 
to 28 days postlesion, the free-fed/lesion group maintained a 
chronic body weight level of 74.7%. Five of the nine animals 
in the free-fed/lesion group maintained a chronic body 
weight level between 77 and 79%, one was as high as 83%, 
and the lowest was 63%. 

The lesions were also effective in attenuating the weight 
gain of dieted animals. In marked contrast to the free- 
fed/lesion group, however, the dieted/lesion animals can be 
seen to gain weight immediately after the lesions. They 
gained an average of about 30 g in the first two days postle- 
sion. Thereafter, their rate of weight gain appears to taper off 
and converge with the body weight curve of the free- 
fed/lesion group. From days 12 to 28 postlesion, the dieted 
lesion group maintained their body weights at 77.8% of the 
free-fed/sham level; this was not significantly different from 
the 75% maintenance level of the free-fed/lesion group, 
t(16)=1.43, p>0.10. Similar to the percentages of the free- 
fed/lesion animals, five of the nine animals in the dieted 
lesion group maintained a chronic body weight level be- 
tween 70 and 78%, one was as high as 94%, and the lowest 
was 66%. 

In contrast to the body weight curves of the two lesion 
groups, that of the dieted/sham group never parallelled the 
free-fed/sham group curve. Rather, its body weight curve 
showed a faster rate of growth. For example, by day 10 
postlesion the body weight levels of the dieted/sham animals 
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FIG. 2. Average daily food intakes of lesioned and control animals 
are shown on every third day after surgery. The free-fed/lesion 
group was hypophagic immediately after surgery, but the dieted 
lesion group ate normal amounts of food. By day 15, during the 
period of chronic body weight maintenance, the lesioned animals ate 
less than the sham animals. 


averaged 88% of that for the free-fed/sham group. This in- 
creased to 93% by day 20 and to 96% by day 28. On day 28 
postlesion, four of the six dieted/sham animals had body 
weight levels of 97% or higher, the other animals were at the 
90% level. The average body weight of the dieted/sham 
group was not significantly different from that of the free- 
fed/sham group on day 28, Mann-Whitney U=10, p>0.05. 


Food Intake 


The food intake data, which are plotted in Fig. 2, are 
consistent with the body weight data. Both lesioning, 
F(1,26)=51.449, p<0.001, and dieting, F(1,26)=9.845, 
p<0.005, led to significant changes in food intake. Appar- 
ently, during the period immediately following the lesions 
when the free-fed/lesion animals were losing weight, their 
food intakes were also drastically reduced. On the other 
hand, dieting led to increases in food intake, principally 
within the lesion group, as the lesion by diet effect was signif- 
icant, F(1,26)=7.106, p<0.025. In addition, there were sig- 
nificant lesion by days, F(12,336)=2.639, p<0.01, and diet 
by days, F(12,336)=3.699, p<0.01, effects; these statistical 
results coupled with the individual curves in Fig. 2 suggest 
that food intake levels of the two lesion groups were similar 
to each other as were those of the two sham groups, at least 
by the time the lesioned animals had reached their chronic 
level of body weight maintenance on about day 12. Never- 
theless, the two lesion groups continued to eat less food, 
F(1,26)= 18.459, p<0.001, than the two sham groups during 
the days of chronic body weight maintenance (days 15, 18, 
22, 25, 28). 

The average postoperative food intakes as a proportion of 
body weight are shown in Table 1. When food intake is pre- 
sented in this manner, the lesioned groups eat propor- 
tionately about the same amount of food as the sham groups 
during the chronic body weight phase. 
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FIG. 3. Average daily water intakes of lesioned and control animals 
are plotted for the mean of every two days postlesion. The free- 
fed/lesion group was hypodipsic immediately after surgery, but diet- 
ing enhanced the water intakes of both dieted/lesion and dieted/sham 
animals. During the period of chronic body weight maintenance 
(days 16, 18, 20, 22, 24, 26 and 28), lesioned animals were hyperdip- 
sic. 


Water Intake 


In Fig. 3 the average water intakes for the four groups of 
animals are plotted for the mean of every two days postle- 
sion. As indicated in this figure, the average water intakes of 
the free-fed/lesion group were reduced immediately after 
surgery. Dieting, however, was apparently associated with 
increased drinking for both dieted/lesion and dieted/sham 
groups. Furthermore, there was a significant lesion by days 
interaction, F(13,337)= 10.294, p<0.001, which suggests that 
the effect of lesioning on water intake differed over time. A 
second unweighted analysis of variance was performed on 
the water intake data during the period the lesioned animals 
had reached their chronic level of body weight maintenance 
(Days 16, 18, 20, 22, 24, 26, 28; see body weight results). 
Although the lesion main effect was marginal, 
F(1,26)=3.685, p=0.06, the lesion by day interaction was 
significant, F(6,104)=2.454, p<0.05. Thus, beginning about 
two weeks postlesion, at the time of chronic body weight 
maintenance, the lesioned rats increased their water intakes 
slightly above those of sham control animals and maintained 
this hyperdipsia for the duration of the experiment. Fur- 
thermore, by expressing the water intakes as a proportion of 
body weight in Table 2, the hyperdipsia of the two lesion 
groups is exaggerated because of their reduced body 
weights. 


2-Deoxy-D-Glucose 


The effects of intraperitoneal injections of 2-DG and 
saline on food and water intake are presented in Tables 3 and 
4. Within lesion and sham groups separate analyses of vari- 
ance were performed to determine whether differences in 
food and water intake existed between free-fed and dieted 
animals. In every instance the diet main effect and the diet 
by drug interaction were not significant (all p’s>0.30), so the 
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TABLE 1 


AVERAGE (+S.E.M.) FOOD INTAKES AS A PROPORTION OF BODY WEIGHT OF 
LESIONED AND SHAM OPERATED RATS FOR EVERY THIRD DAY AFTER SURGERY 
(g/kg BODY WT.) 





Days Free-fed/lesion Dieted/lesion Free-fed/sham Dieted/sham 
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TABLE 2 


AVERAGE (+S.E.M.) WATER INTAKES AS A PROPORTION OF BODY WEIGHT OF 
LESIONED AND SHAM OPERATED RATS FOR THE MEAN OF EVERY THREE DAYS 
AFTER SURGERY (g/kg BODY WT.) 





Days Free-fed/lesion Dieted/lesion Free-fed/sham Dieted/sham 





10.6 
11.7 
16.6 
6.0 
8.9 
9.8 
9.4 
8.6 
7.1 


6.6 114.7 + 5.5 144.2 
14.2 125.6 + 4.9 173.1 
11.4 118.6 + 3.7 171.7 
23.5 MID + 3.2 146.3 
16.6 111.5 + 2.6 133.3 
19.2 108.2 + 4.0 136.2 
21.1 107.7 + 3.5 126.5 
15.4 99.9 + 5.5 121.7 
15.9 101.2 + 4.9 125.9 


78.9 + 11.7 123.1 
103.7 + 15.2 145.0 
100.0 + 22.1 149.8 
116.8 + 14.0 146.1 
147.2 + 16.0 147.9 
176.9 + 16.5 181.4 
191.8 + 23.0 190.4 
158.6 + 18.3 165.0 
182.9 + 17.1 173.1 
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TABLE 3 


AVERAGE (+S.E.M.) FOOD INTAKES (g) OF LESIONED AND SHAM OPERATED RATS 
AFTER INTRAPERITONEAL INJECTIONS OF EITHER SALINE OR 2-DEOXY-D-GLUCOSE 





Dose (mg/kg body wt.) 
Saline 100 200 400 





Lesion 
Free-fed .2+0.4 ; : 2. : 2.3 ‘ 5 + 0.6 
Dieted 8 + 0.5 2.12 ©: 8+ 0.5 3. : .7 + 0.6 
Sham 
Free-Fed 33265 .7+ 0. : ; 4 0. 5.5 + 0.6 
Dieted 3.8 + 0.4 6+ 0. a ; 6.2 : 4.6 + 0.6 





Since there were no significant differences in food intakes following the 4 saline injec- 
tions, the data were combined. Sham animals consumed significantly more and lesioned 
animals significantly less after 2-DG than after saline. 


data were collapsed across the diet factor for the purposes of weights of —4, 1, 1, 1, and | on the drug factor, i.e., saline 
analysis of variance. versus the four doses of 2-DG) revealed that the food in- 
As can be seen from Table 3, the lesioned animals re- takes differed significantly after 2-DG than after saline for 
sponded differently to 2-DG as there was a significant lesion both the sham animals, F(1,10)= 17.980, p<0.005, and for the 
main effect, F(1,26)=23.239, p<0.001, and a significant drug lesioned animals, F(1,16)=12.773, p<0.005. Inspection of 
effect, F(4,104)=3.245, p<0.02. In addition, the lesion by the data suggests that the sham animals consumed more and 
drug interaction was also highly significant, F(4,104)=4.279, the lesioned animals less after 2-DG than after saline. 
p<0.005, which suggests that the lesion and sham animals For the water intake data, however, no significant differ- 
responded differentially to 2-DG. Contrast analyses (using ences were obtained. A perusal of Table 4 reveals that the 
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TABLE 4 


AVERAGE (+S.E.M.) WATER INTAKE (ML) OF LESIONED AND SHAM OPERATED RATS 
AFTER INTRAPERITONEAL INJECTIONS OF EITHER SALINE OR 2-DEOXY-D-GLUCOSE 





Dose (mg/kg body wt.) 
Saline 100 





Lesion 
Free-fed : ‘ ; ' 
Dieted 9+ 0. : ‘ 3. ; 6.8 
Sham 
Free-fed te = 5+. 3 9 4.7 
Dieted 0+ 0. : . 4.5 ; 3.9 : a7 & 1S 





Since there were no significant differences in water intakes following the 4 saline 
injections, the data were combined. Water intakes did not change as a function of drug 
administration for both sham and lesioned animals. 


FIG. 4. (A) Photomicrograph and tracing of a coronal section, approximately 200 um caudal to obex, of the caudal brain stem from a sham 
operated rat. The location of the area postrema relative to nearby structures is illustrated. (B) A coronal section from a lesioned brain at the 
same longitudinal level as the control animal brain section in (A). As shown, the area postrema was removed completely, while the nucleus of 
the solitary tract was only slightly damaged. Abbreviations: AP=area postrema; CN=cuneate nucleus; CST=cortical spinal tract; mX=dor- 
sal motor nucleus of the vagus; mXII=hypoglossal nucleus; [O=inferior olive; LRN=lateral reticular nucleus; NST=nucleus of the solitary 
tract; ST=solitary tract; SV=spinal trigeminal nucleus. 
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average water intakes of lesioned animals were slightly 
higher than those of sham animals after both saline and 
2-DG; this is consistent with the higher 24 hr intakes of 
lesioned animals during the chronic phase of body weight 
maintenance. 


Histology 


Lesions were confined largely to the AP with only minor 
damage to the medial nucleus of the solitary tract. Figure 4A, 
which contains a photograph and a tracing of a coronal sec- 
tion of the caudal medulla taken from a control rat brain, 
illustrates the AP in relation to nearby structures. A corre- 
sponding section from a typical lesioned brain (Fig. 4B) 
shows that the AP was completely eliminated, while the nu- 
cleus of the solitary tract was only slightly damaged. 

In control animal brains the average cross-sectional area 
of the AP was 0.162 mm’. In lesioned brains, more than 
99.7% of the AP tissue examined was destroyed. In only one 
of the selected sections was any of the AP (about 3%) intact. 
The average cross-sectional area of the nucleus of the solit- 
ary tract was 0.574 mm* (areas on both sides of brain com- 
bined) in control animal brains. In lesioned brains, over 84% 
of the nucleus of the solitary tract tissue remained intact. 


DISCUSSION 


The present study has examined the effects of area 
postrema (AP) lesions on food and water intake and on body 
weight maintenance in male rats. In addition, we have exam- 
ined the food intakes of these animals in response to acute 
decreases in cellular glucose utilization produced by the 
administration of 2-deoxy-D-glucose (2-DG). The results 
show that AP lesions disrupt immediate postoperative food 
and water intake, chronic body weight maintenance and 
glucoprivic feeding, thereby implicating the area postrema in 
the control of ingestive behaviors. The data provide a basis 
for comparison of AP lesion effects with similar data from 
animals with either lateral hypothalamic lesions [17, 30, 51, 
52] or subdiaphragmatic vagotomies [34, 37, 39, 41]. We will 
consider the similarities and the differences between the ef- 
fects of these three types of lesions and explore various ex- 
planations to account for the lesion produced changes in 
feeding. 

Our study has provided evidence that the effects of le- 
sions to the AP are similar, in several important respects, to 
the lateral hypothalamic feeding syndrome in rats. Confirm- 
ing our previous results [13], we have shown that AP lesions, 
like lateral hypothalamic lesions, produce immediate and 
dramatic reductions in body weight that are chronically 
maintained. Our AP lesioned animals were initially 
hypophagic and hypodipsic, but they resumed relatively 
normal ingestive behaviors and weight gain in about 10 days. 
Thereafter, their body weights were maintained at a fixed 
percentage (75%) of those of sham operated animals. 

The degree to which lesions of the AP and the LH 
produce similar effects on immediate postoperative food in- 
take and on chronic body weight levels likely depends upon 
the relative sizes of the lesions [7, 30, 52]. Large lesions of 
the lateral hypothalamic region may result in prolonged 
aphagia [52] and body weight maintenance levels as low as 
65-70% [30], yet smaller lesions have less pronounced ef- 
fects. For example, rats in the Powley and Keesey study [40] 
resumed eating on the first day following small lateral hypo- 
thalamic lesions and maintained their body weights at 94% of 
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control weights. The well-localized AP lesions described in 
this study may be comparable to small lateral hypothalamic 
lesions, since the AP lesioned rats were only hypophagic 
after surgery. Nevertheless, we have previously observed 
what appeared to be postoperative aphagia in two or three of 
the approximately 50 rats with AP lesions, but we did not 
examine this systematically. The variability in lesion size 
perhaps has also contributed to differences in body weight 
maintenance levels of AP lesioned rats, which was 75% in 
this study, 87% in our previous study [13] and 80-90% in 
other reports [7, 8, 16]. 

The effects of AP lesions are also similar to those of lat- 
eral hypothalamic lesions in their interactions with 
preoperative dieting effects. In this study reducing the 
animals’ body weights by 20% before surgery completely 
eliminated the hypophagia and hypodipsia that normally 
occur after AP lesions, resulting in body weight maintenance 
levels equivalent to those of free-fed rats. The ability to ad- 
just intakes to maintain a lowered body weight level is a 
characteristic generally associated with the lateral hypotha- 
lamic feeding syndrome [40]. Additionally, preoperative diet- 
ing has also been shown to have general postoperative ef- 
fects on physiology and behavior other than intake which 
might facilitate recovery from brain damage. For example, it 
has been reported that preoperative dieting attenuates the 
hyperthermia likely associated with metabolic hyperactivity 
[20,45], reduces gastric pathology [21] and the length of time 
of certain sensorimotor dysfunctions [20,45] after lateral hy- 
pothalamic damage in rat. In the present study we did not 
examine the AP lesioned rats for such potentially influential 
effects. Nevertheless, our ability to duplicate some of the 
results of Keesey and Powley [30] after AP ablations 
suggests that some of the effects of lateral hypothalamic le- 
sions may be due to disruption of fibers of passage originat- 
ing from the dorsal medulla. 

A third similarity between lesions of the AP and LH is 
that both seem to attenuate the hyperphagic effect of 
glucoprivation cause by intraperitoneal administration of 
2-DG. Although the literature contains conflicting reports, it 
is clear that 2-DG administration in normal intact rats 
produces short-term increases in food intake [47,48] which 
may [28,54] or may not [48, 53, 56] be dose dependent. Fur- 
thermore, it has been reported that 2-DG also produces in- 
creases in water intake [54], but not in all studies [28]. High 
doses (>500 mg/kg of body weight) make the animals 
stuporous and ataxic which may contribute to the lack of a 
dose response function; nevertheless, the two hour feeding 
interval used in this study seems to be a sufficient amount of 
time to show reliable effects on food intake [28, 53, 54]. In 
the present study, various doses of 2-DG increased food in- 
take in sham lesioned rats, but was ineffective in AP lesioned 
rats. Rats with lateral hypothalamic lesions are similarly un- 
responsive to 2-DG [33, 38, 56]. 

The importance of lateral hypothalamic neurons in 
mediating increases in food intake due to decreases in glu- 
cose utilization is controversial. Kanarek ef a/. [28] empha- 
size the importance of the experimental environment in 
evaluating feeding deficits as they report that rats with le- 
sions of the LH increase their intakes of a liquid diet, but not 
of a standard lab chow or of a high fat diet, after injections of 
2-DG or insulin. Using a different approach, Ritter e7 a/. [43] 
have reported that the caudal hindbrain, not the hypothala- 
mus, is crucial in mediating the increased food intake in- 
duced by cerebral ventricular infusions of 5-thioglucose, a 
more potent glucose analogue than 2-DG [46]. This evidence, 
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implicating hindbrain mechanisms in conjunction with our 
findings that AP ablations attenuate the hyperphagic effects 
of 2-DG, provide support for the notion that the AP may be 
part of the neural system involved in mediating glucoprivic 
feeding. Nevertheless, it would be imprudent to assert that a 
critical site for glucoprivic feeding has been identified until 
the effects of 2-DG in AP lesioned rats are examined, at the 
least, under varied dietary conditions [28]. 

Despite significant similarities, the effects of lesions to 
the AP and those to the LH are not identical. We observed in 
our AP lesioned rats a curious recovery pattern for water 
intake that is different from that described for rats with lat- 
eral hypothalamic lesions. At first, our AP lesioned rats were 
hypodipsic. Then by day 11 they were again drinking normal 
amounts of water. Beginning about two weeks after surgery, 
however, the lesioned rats notably increased their water in- 
takes above those of sham control animals and were hyper- 
dipsic for the duration of the experiment (28 days). This 
delayed hyperdipsia is consistent with our previous obser- 
vation that rats with AP lesions drink supranormal amounts 
of saline and water during the period from 24 to 48 days 
postoperatively [13]. Thus, AP lesioned rats display two 
phases in their recovery of water intake: a short-term 
hypodipsic phase followed by a long-term or permanent 
hyperdipsic phase. Animals with lateral hypothalamic le- 
sions, on the other hand, display temporary hypodipsia, but 
no subsequent hyperdipsia [52]. As suggested in our previ- 
ous paper [13], the second phase in the recovery of water 
intake may be related to the area postrema’s involvement in 
the control of blood volume and blood pressure. Alterna- 
tively, since dieting is associated with greater water intakes 
in sham animals (see Fig. 3), the hyperdipsia of lesioned 
animals may be due in part to the fact that these animals have 
a lower food intake before (dieting) and/or after surgery. 

In addition to differences in chronic water intake, AP 
lesioned rats, unlike lateral hypothalamic lesioned rats, eat 
less of pelleted food than control animals even after their 
body weights have stabilized. This chronic reduction in in- 
take of AP lesioned rats is noteworthy because their intake 
of powdered Purina Chow is the same as that of sham 
animals (Kosten, Stetson, Contreras and Ernest, unpub- 
lished observations) while their intake of preferred food (in- 
stant breakfast or cookies) is greater [16]. It is possible that 
the pellet-specific hypophagia may be due to some motor 
dysfunction related perhaps to the control of mouth move- 
ments. On the other hand, the differences in the absolute 
intakes of both food and water suggest that the AP may be 
involved in influencing dietary preference. 

It is unlikely, however, that changes in food and water 
intake and in body weight after AP ablations are the result of 
primary deficits (although there may be some secondary ef- 
fects) in gustation [13] or in salivation. The central terminus 
of gustatory afferents from the tongue and palate are located 
rostrally and laterally in the nucleus of the solitary tract 
(NST) and unlikely damaged directly by AP lesions [10]. 
Similarly, the salivatory neurons are even farther removed, 
located at the same longitudinal level as the gustatory affer- 
ents, but subjacent and lateral to the NST in the parvicellular 
reticular formation [12]. It is possible, nonetheless, that the 
interconnections between the AP and the surrounding areas 
are far more extensive than has been demonstrated to date, 
such that efferents from the AP may synapse upon gustatory 
terminals or upon salivatory somata. In this way the AP 
could effect changes in intake and body weight by modulat- 
ing gustatory input and/or salivatory output [13,16]. 
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It has also been suggested that sensory or motor [1, 5, 32], 
viscero-metabolic [19, 20, 21, 31, 39], and activational disor- 
ders [51,58] may contribute to disturbances that occur after 
lateral hypothalamic lesions. We did not examine AP 
lesioned rats for such potentially influential disorders, al- 
though motor abnormalities do not occur after AP lesions 
[24]. 

Lesions of areas other than the AP have also been com- 
pared with lateral hypothalamic lesions in their behavioral 
effects. In particular, subdiaphragmatic vagotomies have 
been associated with postoperative hypophagia and lowered 
body weight levels [34, 39, 41] and insensitivity to 
intravascular injections of 2-DG [37]. Inasmuch as visceral 
afferent axons of the vagus nerve terminate within the AP as 
well as the adjacent nucleus of the solitary tract [10,26], it 
might be thought that our lesions were simply central vag- 
otomies, particularly because it is almost impossible to le- 
sion the AP without inadvertent damage to the NST. This 
does not, however, appear to be the case. If damage to the 
axon terminals of the vagus nerve were crucial to our results, 
we would expect that the amount of damage to the terminal 
field of vagal afferents (the AP and the NST) would correlate 
with body weight maintenance levels. In the present study 
such a correlation was not considered appropriate since the 
lesions did not vary significantly in size and were restricted 
mostly to the AP. In our earlier study [13], in which there 
was more variability in lesion size (more cases with larger 
lesions), we found no relationship between body weight 14 
days after the lesions and the amount of destruction to the 
vagal terminal field, r(9)=—.21, p>0.20. 

Differences between the behavioral effects of AP lesions 
and vagotomies further demonstrate that there is more to AP 
lesions than mere destruction of vagal afferents. Although 
comparisons across studies are problematic because condi- 
tions differ, vagotomies generally produce less severe re- 
ductions in food intake and body weight than do AP lesions. 
Whereas the body weight maintenance levels of our AP 
lesioned rats averaged 76% of control levels, those of vagot- 
omized rats are normally much higher, rarely if ever falling 
below 80% [39]. Vagotomized rats and AP lesioned rats also 
seem to differ in their recovery patterns for water intake, 
with only AP lesioned animals displaying delayed hyperdip- 
sia [49]. 

Thus, the present study demonstrates important 
similarities along with differences among the effects of AP 
lesions, lateral hypothalamic lesions and subdiaphragmatic 
vagotomies. The AP, like the LH and the vagus nerve, is 
likely involved in the control of intake and body weight. 

Perhaps the neural system which controls intake and 
body weight is organized hierarchically, as Jackson [25] 
envisioned, with higher centers re-representing lower cen- 
ters to which they are structurally and functionally con- 
nected. This type of neural organization could conceivably 
explain how lesions to a variety of brain sites, including both 
nuclear aggregates and fiber tracts, produce similar effects 
on intake and body weight. There is some neuroanatomical 
data to support such a conception. For example, although a 
direct projection from the AP to the LH has not been iden- 
tified, gustatory and visceral information arising from the 
adjacent nucleus of the solitary tract, which has reciprocal 
connections with the AP [35], reaches the LH both directly 
[42] and indirectly by way of the pontine parabrachial area 
[36]. Direct projections from the hypothalamus to the AP 
[22] as well as to the nucleus of the solitary tract [9,44] have 
also been found. Finally, as described above, the vagus 





AREA POSTREMA LESIONS FEEDING DEFICITS 


nerve directly innervates the AP and the nucleus of the solit- 
ary tract [10,26]. 

Presumably the area postrema, the lateral hypothalamus 
and the vagus nerve are related in function. Each structure 
is, however, unique in its morphology, its internal organiza- 
tion and its relationship with the brain and the periphery, and 
performs special roles that cannot be addressed by other 
structures. Clearly, the particular contribution of the AP to 
the system which controls food and water intake and body 
weight can only be assessed within the context of the overall 
neural circuitry of that system. 
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ENGELLENNER, W. J., C. R. GOODLETT, R. G. BURRIGHT AND P. J. DONOVICK. Environmental enrichment 
and restriction: Effects on reactivity, exploration and maze learning in mice with septal lesions. PHYSIOL. BEHAV. 2%5) 
885-893, 1982.— Following weaning, male, Heterogeneous mice were maintained either in socially/environmentally enriched 
conditions or in restricted conditions. Behavioral testing began when the mice were 60 days of age. The day after an initial 
handling-reactivity test, the mice were given either septal lesions or control surgery, and returned to their respective 
housing conditions. Following surgery, the mice underwent a successive battery of behavioral tests, consisting of the 
following: (1) handling reactivity; (2) open field exploration, as affected by the stress of a water swim; and, (3) performance 
on a water-maze spatial discrimination task. Restricted mice were more reactive than enriched mice before surgery, but 
with daily postsurgical handling, the reactivity of the restricted control group approached that of their enriched counter- 
parts. Also, there were no differences between enriched and restricted controls on acquisition or reversal of the spatial 
discrimination, or in exploration of a novel open field. The two intact groups did differ, however, in their open field 
behavior following the stress of a water swim. In contrast to the behavior of the control animals, the environmental housing 
conditions altered the behavior of the mice with septal lesions on each of the tests. The restricted mice with lesions were 
extremely reactive to handling, and displayed spatial reversal deficits; the enriched mice with lesions were much less 
reactive than the restricted septals, and showed no maze learning deficits. The open field tests, especially those following 
the water swim, revealed surgery by housing interactions as well, though not necessarily consistent with a ‘‘normalizing”’ 
effect of environmental enrichment for mice with septal lesions. The task-specific nature of this continuously maintained 
environmental manipulation, and the relative value of environmental stimulation in alleviating effects of septal damage are 
considered. 
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ence. However, differential effects of presurgical housing 
were not observed in acquisition of a spatial alternation task 
in a T-maze, indicating the task-specific nature of these 
presurgical manipulations. 

The importance of genetic-environmental interactions in 
the outcome of septal damage has been demonstrated using 


PRESURGICAL experiential factors are known to markedly 
influence the outcome of septal damage (see [5]). The effects 
of differential housing in enriched or restricted environments 
have been a major focus of research in intact rodents [17], 
and the impact of such presurgical manipulations subsequent 
to brain damage has been established [5,18]. For example, rats 


reared in a restricted environment and given septal lesions as 
adults exhibited the alterations in consummatory behavior 
typically observed following septal damage; rats reared 
presurgically in environmental/social enrichment and 
postsurgically maintained in individual housing conditions 
did not show such changes [7]. Furthermore, the rats with 
septal lesions with enriched experience before the brain 
damage explored a novel environment more vigorously than 
similarly damaged rats with restricted presurgical experi- 





the highly inbred CS7BL/6J and SJL strains of mice [6]. In that 
case, the influence of prior enrichment on the effects of sep- 
tal lesions, as measured by rotorod performance, taste reac- 
tivity, and active avoidance performance, depended on the 
strain of the mouse. Thus, the specificity of the effects of 
septal lesions apparently includes genotype and environ- 
mental history, as well as the conditions of the behavioral 
test [5]. Since environmental enrichment may have its fullest 
range of expression in a genetically heterogeneous popula- 
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tion [8], we examined the effects of enrichment/restriction 
procedures (maintained both before and after surgery), on 
the outcome of septal damage in mice of the outbred, genet- 
ically diverse Binghamton Heterogeneous stock [12]. The 
post-surgical tests, selected for their classic sensitivity to 
septal lesions [5,10], included assessment of reactivity to 
handling, open field behavior (including the effects of a swim 
stress on activity), and a spatial discrimination and reversal 
test using a water maze. 


METHOD 
Subjects 


Sixty-six male mice of the Binghamton Heterogeneous 
(HET) stock [12] were used. The experiment was completed 
in two replications, both in the fall of 1980. The first replica- 
tion included 34 mice from 14 litters while the second used 32 
mice from 10 litters. No more than two mice from any given 
litter were assigned to the same treatment group. 


Presurgical Environmental Maintenance 


At weaning (21 days of age) subjects were randomly as- 
signed to either social-environmental enrichment (E) or en- 
vironmental restriction (R) housing conditions (see Fig. 1). 
For the enriched condition, six non-sibling mice were placed 
in a three-tiered cage containing various playthings. Mice 
assigned to the restricted condition were individually housed 
in translucent cages with no toys. A more detailed descrip- 
tion of the housing conditions is reported elsewhere [6,16]. 
Charles River mouse chow and water were available ad lib in 
both conditions. All cages were kept in a room separate from 
the general colony vivarium; temperatures were maintained 
between 20° and 22° C, and overhead lights were on a timed 
on/off schedule with lights on between 0800 and 2000 hours. 

Environmental enrichment and restriction conditions 
were maintained for five weeks. At the end of this period, 
all subjects (ca. 56 days of age) were tested for reactivity (see 
below for procedures) and then assigned to one of two surgi- 
cal conditions—bilateral lesions of the septum or control 
surgery. Group assignments were made such that the 
presurgical reactivity scores of the two surgical groups were 
equivalent within each housing condition. 


Surgery 


Approximately 24 hours after the initial reactivity test the 
mice underwent surgical procedures, using sodium pen- 
tobarbital (85 mg/kg) anesthesia supplemented by local in- 
jections of lidocaine hydrochloride. For the restricted condi- 
tion, half of the mice were given septal lesions while the 
other half underwent sham operations. Within the restricted 
group each litter was equally represented in the two surgical 
treatments. For the enriched mice, three of the six mice in 
each cage were given septal lesions while the other three 
underwent sham-operation procedures. Again, care was 
taken so that equal numbers of siblings (housed in separate 
enrichment cages) were assigned to lesion and control 
groups. The lesions were made by passing a 5 second, 0.9 
mA DC current through the uninsulated tip of a #00 insect 
pin to a rectal cathode. The coordinates used were 0.6 mm 
anterior and +0.4 mm lateral to bregma, and 3.5 mm ventral 
to dura. Operated control mice underwent anesthesia and 
drilling of the skull, but the electrode was not lowered. At 
the end of behavioral testing, the mice were sacrificed with a 
100% overdose of sodium pentobarbital and frozen sections 
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FIG. 1 Photograph of the three-tiered enriched cage and a restricted 
cage. The enriched cages housed 6 mice each, while the restricted 
mice were individually housed. 


were taken at 80 microns through the lesion area. The sec- 
tions were stained with a metachromatic stain for cell bodies 
and fiber tracts [4] and examined microscopically without 
knowledge of the behavioral results. 

Following surgery the mice were returned to their re- 
spective home cages where they remained for the duration of 
the experiment. On the day after surgery, each subject re- 
ceived a second reactivity test (see below). On postsurgical 
days 2-6 each subject was removed from its home cage and 
handled for approximately 1 minute. A third reactivity test 
was conducted on Day 7. The methodology and results of 
these reactivity tests (including a third group of animals that 
were switched from E to R postsurgically), have been dis- 
cussed at length elsewhere [16], and will only be considered 
briefly in this paper. On Day 8 independent subjects of each 
group were tested on one of two procedures involving open 
field activity tests (see below). On Day 10 all subjects were 
pretrained in the water maze, and on Day 11 spatial discrimi- 
nation training was begun. 


Reactivity 


Reactivity tests were conducted between 1200 and 1500 
hours in the room in which the mice were housed. Each 
subject was initially placed in a dry sink and rated by two 
observers on a scale of increasing intensity (0-3) on each of 
the following six measures: (1) Response to pencil near sn- 
out; (2) Response to pencil tap on back; (3) Resistance to 
capture; (4) Resistance to handling; (5) Vocalizations; (6) 
Urination and defecation. The raters were not informed of 
the specific surgical treatment in the postsurgical tests and 
the interrater reliability was quite high (r=+.92). Since the 
final score for each subject was the summed average of each 
category from the two observers, the maximum possible 
score for any individual mouse was 18. 


Open Field 


Previous observations in our laboratory indicated that a 
one minute immersion in 17° C water greatly depressed lo- 
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comotor activity and also increased grooming activity in 
mice with septal lesions relative to intact controls given the 
same treatment [15]. Similar water-immersion stress has 
been used in studying the behavioral effects of a central 
nervous system parasite in mice [3] as well as the behavioral 
effects of ACTH and naloxone in rats [2]. 

Two testing regimens using independent groups were de- 
signed to examine the effects of the water swim on open-field 
behavior of the differentially housed mice, and are outlined 
below: 


Sequence A: 


home cage 17° water swim holding cage open field (1A) 


(1 min) (15 min) (4 min) 


Sequence B: 


open field (IB) 17° water swim holding cage open field (IIB) 


(1 min) (15 min) (4 min) 


The 15 minute interval in the holding cages allowed time for 
the mice to dry themselves by grooming, yet the post-swim, 
open-field test was within the period when differences be- 
tween surgical groups were previously observed. Sequence 
A examined behavior in a novel open-field, 15 minutes after 
the water immersion (IA), and represented the conditions 
under which we had observed locomotor depression and ele- 
vated grooming in standard-reared HET mice with septal 
lesions [15]. Sequence B allowed the analysis of behavior in 
a novel open field without any prior swim (during IB); 
further, with the repeated exposure (IIB) to the open field, 
differences in activity from IB to IIB among the four experi- 
mental groups could be assessed. The limited number of sub- 
jects disallowed incorporation of a ‘‘no swim’’ condition in 
the design; thus, changes in open field behavior from test I to 
test II of Sequence B cannot be directly attributed to the 
water swim per se. 

Mice assigned to Sequence A were brought into the test- 
ing room in their home cages, and initially subjected to the | 
minute swim in a 366030 cm (high) sink filled to a depth 
of 15 cm with 17° C water. These mice were then placed in 
holding cages that resembled their home cages; i.e., re- 
stricted mice were held in a translucent cage with wood shav- 
ings, whereas the enriched mice were kept (individually) in a 
clear Plexiglas cage with shavings and toys during the hold- 
ing period. After the 15 minute interval following the swim, 
the mice were given a 4 minute exposure (IA) to the open 
field, hole-poke apparatus. This apparatus was a 36x36x30 
cm translucent Plexiglas box with a grid of sixteen 9x9 cm 
squares outlined on the floor. The floor also included twelve, 
1.2 cm diameter holes. A one-way mirror covered the open 
field during testing. The mirror allowed the experimenter to 
observe activity inside the open field, but limited the 
mouse’s ability to see outside the apparatus. Illumination 
inside the open field was provided by two, 60-watt lamps 
directed from the outside of the open field toward opposite, 
translucent walls. A test session was begun by placing a 
subject in one corner of the open field, replacing the cover, 
and recording activity using a cumulative, hand-operated 
counter. The total number of squares crossed, stands, and 
holes poked were recorded for the 4 minute session. Total 
time spent grooming was also recorded using a Micronta 
stopwatch. 

Mice assigned to Sequence B were brought to the testing 
room, removed from their home cage, and given an initial 4 
minute test (IB) in the open field apparatus described above. 
Immediately after the open field session, animals were re- 


FIG. 2 The water maze used for spatial discrimination and reversal 
training. During acquisition the ladder was on the left for all mice, 
and during reversal it was on the right. 


moved from the box and subjected to a l-minute swim in the 
sink in 17° C water. After the swim, the mice were placed in 
their respective holding cages for 15 minutes. At the end of 
the 15 minute interval the mice given Sequence B were 
tested a second time in the open field (IIB) for 4 minutes. 


Spatial Discrimination and Reversal Training 


Two days after the open field tests (postsurgical Day 10) 
pretraining for the spatial discrimination task was begun. All 
training (between 1000 and 1500 hours) was conducted in a 
water maze (see Fig. 2) similar to that originally designed by 
Waller et al. [26] in a sink filled with 17° C water. Mice were 
given six ‘‘forced’’ pretraining trials in the directional se- 
quence (LRRLRL). A removable barrier prevented entry 
into the inappropriate arm during this sequence. Spatial dis- 
crimination training began the following day with the escape 
ladder present only in the left arm for all subjects. Training 
used a correction procedure and consisted of 5 trials per day; 
these trials were separated by 30-second intervals, during 
which time the mice were placed in holding cages similar to 
those described for open-field testing. To prevent the use of 
extramaze cues, the ‘‘east-west’’ orientation of the maze 
with respect to the test room was randomly determined for 
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FIG. 3 (A) Reconstruction of minimal (left column) and maximal (right column) lesion extent for the restricted mice. The topmost section is 
from the anterior level of septum, while the bottom-most section is from the more posterior level, at the crossing of the anterior commissure. 
(B) Reconstruction of minimal (left column) and maximal (right column) lesion extent for mice maintained in enriched conditions throughout 


the experiment. 


each trial according to tables for two-class events [25]. Each 
of the following was recorded as an error: (1) incorrect arm 
entry, (2) reentry into the start arm after reaching the choice 
point, and (3) retracing the goal arm following an approach 
toward the escape ladder. Since a correction procedure was 
employed, the number of errors committed on any trial was 
not limited. Latencies to initially reach the choice point were 
also recorded. After attaining the acquisition criterion of 9 
correct choices over 10 consecutive trials, subjects were 
given spatial reversal training to the same criterion. If the 
original criterion was met in the middle of a block of trials, 
the subject was returned to his home cage and reversal train- 
ing (escape from the right arm) was begun the following day. 
During reversal training the same error and latency measures 
were obtained as during acquisition training. 


RESULTS 
Histology 


In general, the lesions destroyed most of the precommis- 
sural septum and were similar to those reported previously 
from this lab [16,21], and representative reconstructions are 
shown in Fig. 3. On the basis of histology, five of the 
lesioned mice were discarded from the study (3 enriched, 2 
restricted); in each case, substantial portions of the pre- 
commissural septum remained intact, and extensive damage 
occurred in the preoptic area. The final numbers of subjects 
per group following histological verification are indicated in 
Fig. 4. 


Reactivity 
The mean reactivity scores before and after surgery are 


shown in Fig. 4. They were analyzed with a mixed-model, 
repeated measures analysis of variance with surgery (S) and 
housing (H) as between group factors, and test day (D) as the 
repeated factor. A more expanded discussion of these and 
related results appears elsewhere [16]. 

As seen in Fig. 4, septal lesions produced a marked in- 
crease in reactivity to handling in restricted mice, while the 
intact, restricted mice decreased in their reactivity over 
days. In contrast, the relatively low presurgical scores of the 
enriched mice were only moderately increased following 
septal damage. These different reactivity profiles in the 
enriched and restricted mice resulted in a significant 3-way 
interaction of housing, surgery, and test day, HxSxD: 
F(2,114)=27.46, p<0.001. Between group comparisons using 
a Duncan Multiple Range test (59 df, alpha=0.05), indicated 
that the restricted mice with septal lesions were significantly 
more reactive than the restricted controls on both 
postsurgical test days, while the enriched septals did not 
differ significantly from the enriched controls according to 
this test. Furthermore, the restricted septals were signifi- 
cantly more reactive postsurgically than the enriched sep- 
tals. Finally, the difference in presurgical reactivity of the 
(intact) enriched and restricted mice was also significant by 
the Duncan test; by the seventh postsurgical day, the two 
control groups did not differ statistically. 


Open Field Tests: Sequence A 


As mentioned earlier, in Sequence A we examined behav- 
ior in a novel open field 15 minutes after a water swim stress. 
In previous studies in our lab these conditions resulted in 
reduced locomotor activity and increased grooming in mice 
with septal lesions. The mean number of squares crossed, 
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FIG. 4. Mean reactivity +S.E.M. of septals and controls in restricted 
and enriched housing conditions. Reactivity was measured | day 
before surgery, and on the first and seventh day after surgery. The 
highest possible score on this scale was 18. 
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standups, hole pokes, and total grooming duration in the 
open field are shown on the left side of the respective panels 
in Fig. 5. Each measure was analyzed with an unweighted 
means analysis of variance, with housing condition (H) and 
surgery (S) as the factors. 

Squares crossed. As shown in Fig. 5, septals in both hous- 
ing conditions crossed fewer squares than intact controls, S: 
F(1,25)=11.68, p<0.01. However, the reduced locomotor 
activity of septals relative to intact controls was large only in 
the restricted groups; enriched mice with septal lesions were 
not remarkably different from enriched controls SH: 
F(1,25)=5.60, p<0.05. In fact, the interaction of housing 
with surgery on squares crossed was due largely to the 
difference in performance between enriched and restricted 
control mice. A Duncan test confirmed that the restricted 
controls crossed more squares than the other three groups, 
which did not differ among themselves. 

Standups. While the restricted mice with lesions on the 
average stood up fewer times than any other group (see 
upper right panel, Sequence A), neither the main effect of 
surgery nor the interaction term approached statistical signif- 
icance for standups. 

Hole pokes. The mice with septal lesions from both hous- 
ing conditions poked fewer holes in the novel open field 
following the water swim than did intact controls, S: 
F(1,25)=8.94, p<0.01. The relatively low level of hole explo- 
ration displayed by both enriched and restricted septals is 
consistent with our findings of reduced hole pokes in 
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FIG. 5. Group means (and representative S.E.M.) of an open field behavior in the two 
test regimens. In each panel (squares crossed, standups, hole pokes, and grooming 
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each of the 4 different measures. The abbreviated legend in the squares crossed panel 
indicates the following: RC-restricted controls; RS—restricted septals; EC—enriched 
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standard-reared mice with septal lesions under several con- 
ditions [15]. 

Grooming. The grooming scores of the enriched and re- 
stricted mice with septal lesions were comparable, and much 
higher than their respective controls, S: F(1,25)=15.63, 
p<0.001. While the increased grooming of septals coincides 
with the general reduction of activity in other measures in 
the open field, it does not account for the interactive effects 
of housing and surgery on locomotor (and other) activity 
following the water swim. That is, while the enriched septals 
had high grooming scores, they did not differ greatly from 
enriched controls in terms of locomotor activity. In contrast, 
the restricted septals showed both increased grooming and 
decreased locomotor activity relative to the restricted, intact 
mice. 


Open Field Tests: Sequence B 


Recall that for the mice given Sequence B, testing was 
conducted such that the initial open field test was followed 
immediately by a brief swim in 17° C water; fifteen minutes 
later a second open field test was administered. The results 
are graphed on the right of each panel of Fig. 5. 

Test I. The initial (pre-swim) open field test of Sequence 
B provided a more typical examination of behavior in a novel 
open field than did the Sequence A test. Each measure in this 
initial exposure was analyzed with an unweighted means 
analysis of variance, and between group comparisons were 
made with Duncan Multiple Range tests (a=0.05). There were 
no significant effects of housing for the intact mice on any of 
the initial open field measures, though the restricted controls 
tended to cross more squares and stand up more often than 
enriched controls. The effect of septal lesions on locomotor 
activity in the novel open field was the same for both housing 
conditions (see Test I, Sequence B, Fig. 5); i.e., enriched 
and restricted mice with lesions crossed fewer squares than 
their control counterparts, S: F(1,28)=10.69, p<0.01. A pat- 
tern of reduced hole-poke activity in lesioned mice was also 
observed, with septals poking fewer holes than controls in 
both housing conditions, S: F(1,28)=8.67, p<0.01, again re- 
flecting the limited exploratory activity of septals on this 
measure. For standups, restricted mice with lesions also 
stood up fewer times in the open field than restricted con- 
trols, but the opposite pattern was seen for the enriched 
groups, HxS: F(1,28)=7.68, p<0.01. Furthermore, lesioned 
mice from both conditions spent more time grooming than 
the controls, S: F(1,28)=21.24, p<0.001; but the enriched 
mice with septal lesions groomed for an extraordinary 
amount of time in this initial exposure to the open field of 
Sequence B (see lower right panel, Fig. 5). The mean groom- 
ing duration of the enriched septals approached 25% of the 4 
minute test session, and was by far the highest score of all 
groups during the initial open field test, HxS: 
F(1,28)=11.97, p<0.01. 

Test II. The change in open field activity from Test I to 
Test II, with the intervening water-swim stress, was exam- 
ined in Sequence B. Data were analyzed with a mixed model, 
unweighted means, analysis of variance, with the open field 
test trial (T) as the repeated factor. 

As might be expected following the water swim, all 
groups spent more time grooming during the second open 
field test, T: F(1,28)=52.94, p<0.001, and septals spent more 
time grooming than controls in both tests, S: F(1,28)=14.57, 
p<0.001. A general pattern of reduced exploratory activity 
was also observed for all the groups on Test II, but the mice 
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from the enriched housing condition showed the greatest 
change in behavior across the two open field tests. Following 
the 17° C water swim, enriched mice drastically reduced 
their exploratory activity when re-exposed to the open field 
15 minutes later. Changes in the exploratory behavior of 
restricted mice were not as evident. These observations 
were based upon significant main effects of test trial and 
trials by housing interactions on each of the following meas- 
ures: squares crossed (T: F(1,28)=118.86, p<0.001; TxH: 
F(1,28)=8.86, p<0.01; stands (T: F(1,28)=130.04, p<0.001; 
TXH: F(1,28)=13.04, p<0.01); and hole pokes (T: F 
(1,28)=52.67, p<0.001; Tx H: F(1,28)=5.78, p<0.05). 

It should be noted that the absolute levels of activity for 
all groups during Test II of Sequence B were lower than 
those seen in Sequence A when subjects were given the 
water swim with no previous exposure to the open field 
(compare Sequence A with Test II of Sequence B, Fig. 5). 
Whether the reduced exploration of the open field and ele- 
vated grooming of enriched groups compared to the re- 
stricted mice in the second test of Sequence B represents an 
effect of ‘‘familiarization”’ to the open field, or is due to the 
interactive effects of the added ‘‘stress’’ of the initial open 
field exposure cannot be determined from this experiment. 

Comparisons of the behavioral results between the open 
field test of Sequence A and the tests of Sequence B can only 
be made cautiously; however, it is of interest that there was a 
similar pattern of results for the initial (novel) exposure of 
Sequence B and the post-swim novel exposure of Sequence 
A. In comparing the open field test of Sequence A with Test I 
of Sequence B on each of the measures in Fig. 5, with the 
exception of standups, a similar ordering of experimental 
groups occurred during initial exposure to the open field in 
both sequences. Thus, although absolute levels of explora- 
tory activity (squares crossed, stands, hole pokes) were re- 
duced in all groups by the prior water swim treatment of 
Sequence A (compared to Test I of Sequence B), the relative 
standing of the groups was surprisingly consistent for the 
squares crossed, hole pokes and grooming. In addition, only 
the mice with lesions had elevated grooming durations in the 
swim-open field procedure (Sequence A) relative to the 
novel exposure of Sequence B. Perhaps surprisingly, the 
controls showed short grooming durations not only in the 
pre-swim (Test I) novel exposure of Sequence B, but also in 
the post-swim novel exposure of Sequence A. 


Spatial Discrimination and Reversal 


Spatial discrimination in the water maze began two days 
after the open field tests. The mean total trials and total 
errors to criterion for both original and spatial reversal learn- 
ing are shown in Fig. 6. The results of the original and rever- 
sal tasks were analyzed separately with unweighted means 
analyses of variance and Duncan tests (a=0.05). 

Mice with septal lesions committed more total errors (up- 
per panels), S: F(1.56)=3.68, p<0.10, and required more 
trials (lower panels), S: F(1,56)=5.0, p<0.05, during acqui- 
sition of the original discrimination. The lesion effect on orig- 
inal learning was due primarily to the large number of errors 
committed by the restricted mice with septal lesions. This 
group differed significantly from the two control groups, 
though not from the enriched mice with septal lesions. How- 
ever, the enriched septals were not significantly different 
from the two control groups according to the Duncan test. 
The intact enriched and restricted mice did not differ signifi- 
cantly on any of the measures on the original discrimination. 
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FIG. 6. Mean +S.E.M. number of errors to criterion and trials to 
criterion during original learning (OL) and reversal (REV) of the 
water maze spatial discrimination. 


As shown for the reversal task in the upper panels of Fig. 
6, the typical perserverative responding following septal le- 
sions during reversal learning was seen only in the environ- 
mentally restricted mice. Restricted septals made more total 
errors than their control counterparts in reaching the rever- 
sal criterion, while enriched septals were no different from 
their respective controls, HxS: F(1,56)=5.05, p<0.05. Re- 
stricted mice with lesions also took more trials to learn the 
reversal task than the restricted controls, an effect again not 
evident among the enriched groups. Latencies to escape did 
not distinguish any of the groups on either original learning 
or reversal. 


DISCUSSION 


Each of the behavioral tests provides a clear demonstra- 
tion of experiential interactions with the surgical treatment. 
The more crucial question is whether a systematic effect of 
the differential environmental maintenance can be dis- 
cerned across the tests. This point must be assessed with 
regard to the effects of maintenance conditions on the intact 
mice as well as those with septal lesions. 

For the intact controls, differential housing had perhaps 
its most pronounced effects on the initial reactivity measure. 
Recall that restricted mice were more reactive than enriched 
mice presurgically. This difference may be related to a 
heightened ‘‘emotionality’’ or fear during the first handling 
intervention by the experimenter. Since continued handling 
was successful in attenuating the reactivity of restricted con- 
trols, the excessive emotionality of the intact, restricted 
mice apparently habituated over days. Fuller [11] suggested 
the term ‘“‘emergence trauma’”’ to describe similar changes in 
reactivity as well as derangements of learning and perceptual 
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and motor skills observed in dogs reared in restricted en- 
vironments. Thus the repeated post-surgical handling and 
testing procedures necessarily changed the original defini- 
tion of the environmental conditions. As such, the general 
lack of differences between restricted and enriched controls 
on other measures was not too surprising. In particular, 
when comparing enriched and restricted intact mice, we 
found no evidence of differences in the following: (a) reac- 
tivity on the seventh post-surgical day; (b) exploration of the 
novel open field (when tested without a previous swim 
stress); (c) acquisition and reversal of the spatial discrimina- 
tion. 

While the relatively frequent experimenter intervention 
may have reduced some differences between enriched and 
restricted mice, there was evidence that differential housing 
did have an enduring effect on behavior. For example, when 
both enriched and restricted intact mice were observed in the 
open field following a brief exposure to cold water, large 
differences between the two control groups were seen during 
the second open field test occurring 15 minutes after the 
initial exposure and the water swim (Sequence B). The intact 
enriched mice had very low levels of exploratory activity 
(squares crossed, standups, and hole pokes), and elevated 
grooming scores relative to intact restricted mice during this 
repeated open field test. Thus, the reduction in activity from 
Test I to Test II (with the interposed water swim) was much 
greater for the enriched than the restricted control mice. It 
was also true that the enriched controls had lower activity 
levels than their restricted counterparts even if the initial 
exposure to the open field followed a water swim (Sequence 
A), though all groups had relatively higher activity levels 
under these testing conditions than in Test II of Sequence B. 
The findings indicate that the differential housing produced 
intact HET mice which differed in their response to the 
water swim stress; perhaps relatable to a differential 
neurohormonal responsiveness (e.g., see [14]). Thus, not all 
differences between enriched and restricted mice can be ac- 
counted for simply by an excessive emotionality of restricted 
animals. Along these same lines, Henderson has shown that 
the effects of environmental enrichment on complex food 
seeking tasks cannot be accounted for by a differential fear 
hypothesis or by differences in motor abilities [20]. 

The environmental housing conditions clearly altered the 
outcome of septal damage. For instance, the enriched en- 
vironment effectively attenuated some aspects of the septal 
syndrome (e.g., reactivity to handling and spatial reversal 
deficits) which were quite obviously present in the restricted 
mice with lesions. The joint occurrence of extreme hyper- 
reactivity and reversal perseveration suggest that these two 
behavioral effects following septal lesions may be linked in 
some important manner, and that they are concurrently af- 
fected by the environmental manipulations. A recent mul- 
tivariate approach to genotypic interactions with septal dam- 
age in mice indicated that both handling reactivity and rever- 
sal performance measures in this same water maze loaded on 
common factor(s), strengthening the proposal that these two 
phenomena can have some common underpinnings [9]. 
Nonetheless, in rats with septal lesions, the time course of 
the septal rage syndrome has not been found to correlate 
with the presence or absence of reversal deficits, or with 
other behavioral deficits following septal injury [10,19]. 

Although the critical components of environmental 
enrichment which attenuate some of the effects of septal 
lesions can not be definitively identified, we do have data 
which begin to address this issue. In particular we have seen 
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that mice reared from weaning in enriched environments, 
identical to those reported here, but switched to restriction 
24 hours after receiving septal lesions show a dramatic and 
immediate increase in reactivity, while intact controls show 
no effect of the switch [16]. The presurgical and first 
postsurgical reactivity scores (which were taken prior to the 
switch in housing conditions) were identical to those re- 
ported for enriched mice in this study. These data indicate 
that the attenuation of hyperreactivity observed for enriched 
mice may be related to social interactions available in the 
enriched cages. However, the possibility that the enriched 
environment is uniquely responsible for this attenuation 
cannot be ruled out since group-housed, non-enriched 
animals were not included in the design. 

Despite the effects of enriched environments on reactivity 
and on reversal learning of HET mice with septal lesions, 
one should not interpret the environmental manipulation as 
‘**normalizing’’ the behavioral consequences of brain dam- 
age. The expression of septal lesicis is dependent upon 
numerous variables, including the specific testing stiuation 
and the particular behavioral measure employed (see [5]). 
For example, upon initial exposure to the novel open field 
(before the water swim), enriched septals were only slightly 
less active than enriched controls in terms of squares crossed 
and standups; restricted septals were the least active group, 
while the restricted controls were the most active in the open 
field. However, during the same open field exposure period, 
only mice from the enriched septal group engaged in sub- 
stantial amounts of grooming. Furthermore, lesioned mice 
from both housing conditions explored fewer holes in the 
floor of the open field than did intact mice on all of the open 
field tests. Thus, the attenuation of the effects of septal le- 


sions in mice living in an enriched environment is certainly 
task- and even measure-specific. Nonetheless, these findings 


can have important implications for the appropriate 
therapeutic treatment of brain damage and the types of be- 
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havioral changes amenable to such treatment, regardless of 
basic structure-function relationships [18]. 

In summary, five weeks of markedly differential housing 
produced HET mice that were quite different in their reac- 
tivity to stimuli (see also [1, 16, 24,]. This difference may 
have been fear related since with repeated handling and test- 
ing in these continuously maintained environments, the re- 
activity of enriched and restricted intact mice became simi- 
lar, and both control groups performed equally well on the 
subsequent maze tasks. Still, the two control groups differed 
in their activity in an open field following a moderate swim 
stress, indicating that differential housing did have some 
enduring effects. For the mice with septal lesions, the typical 
hyperreactivity and reversal learning defictis [5,10] were 
found only in the restricted group; both housing groups dif- 
fered from controls in their exploratory behavior before and 
after the swim in 17° C water. While it is unclear whether 
these differences are due to a social component or the 
enrichment procedures per se, these results clearly demon- 
strate that environmental conditions can dramatically de- 
termine the behavioral outcome of septal lesions. A number 
of studies have also shown the importance of genotype of the 
animal in determining effects of septal damage (e.g., [6, 21, 
23]). To progress beyond the present level of understanding, 
the contribution(s) of genes and environment to the effects of 
brain damage and recovery of function should be addressed 
in the design, analysis (perhaps incorporating multivariate 
analyses, e.g., [9, 13, 22]) and interpretation of experimental 
results. 
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DeEKOSKY, S. T., A. J. NONNEMAN AND S. W. SCHEFF. Morphologic and behavioral effects of perinatal glucocor- 
ticoid administration. PHYSIOL. BEHAV. 29(5) 895-900, 1982.—Male rats were infused with one of two doses of 
dexamethasone or saline on day 4 of life. Body, whole brain, hippocampal, and cerebellar weights were obtained at 10, 20 
and 150 days of age, and the ability of the rats to acquire and reverse a spatial discrimination task was assessed at 90 days of 
age. Body weights and brain weights were severely and permanently suppressed in the high dose group (100 mg/kg), 
resulting in a 20% decrement from saline-injected controls in adulthood. Low dose (1 mg/kg) animals were transiently 
slowed in body and brain growth, but differences from controls were no longer detectable at 60 days of age. Both high dose 
and low dose animals were significantly impaired in acquisition and reversal of a spatial learning task in an open field water 
maze, and exhibited deficits characteristically seen in animals with hippocampal damage. The animals’ swimming perform- 
ance per se was unimpaired. It appears that even transient interruption of normal interactive sequences of brain develop- 
ment by the alteration of post-natal neurogenesis or gliogenesis by glucocorticoids results in a permanent behavioral deficit. 


Postnatal neurogenesis Glucocorticoids 


Hippocampus 


ADMINISTRATION of glucocorticoids in the neonatal 
period results in transient or permanent suppression of body 
and whole brain weight and cell number [7,16]. Effects upon 
the postnatal neurogenesis of cerebellar granule cells [11] are 
particularly marked, and result in large decrements in DNA 
in adult cerebellum [4,7] and functional deficits referable to 
cerebellum [11]. Granule cells of the dentate gyrus of the 
hippocampus have a similar pattern of postnatal neurogenesis 
[1,17], and Bohn [3] recently confirmed, with autoradio- 
graphic studies, suppression of the postnatal dentate granule 
cell proliferation in rats treated with cortisol on the first four 
days of life. By day 60, however, there were no differences 
in the volume of the granule cell layer. Several early behav- 
ioral studies revealed abnormalities of open field behavior 
[10], active avoidance [14], and performance on DRL tasks 
[8] in animals tested in adulthood following neonatal 
glucocorticoid treatment. Although suggestions have been 
advanced that perinatal treatment affect the limbic system 
(see discussion in [10]), we have attempted to directly assess 
behaviors related to hippocampal function in animals treated 
in infancy with glucocorticoids. 

If glucocorticoids disrupt the maturation and circuitry of 
the hippocampus, then a sensitive measure of hippocampal 
function ought to reveal a deficit. Performance in a spatial 
learning task in the water maze was assessed in an attempt to 
correlate permanent or transient alterations in hippocampal 
or brain growth with behaviors which are known to be dis- 
rupted by hippocampal lesions [19]. 


Spatial learning 


Brain weight Body weight Cerebellum 


METHOD 
Subjects 


Timed pregnant Sprague-Dawley rats were obtained from 
Harlan Industries (Indianapolis, IN) and housed in single 
cages. On the day of birth, litters were culled to 8-10 pups 
each. The animals were maintained in a temperature 
(22+2°C) and humidity (45+5%) controlled colony room 
with a 12:12 hour light dark cycle; light onset was at 8 a.m. 
Animals for behavioral studies were weaned at 21 days and 
housed in like-sex groups of 3 or 4 litter mates. Food and 
water were continuously available. 


Glucocorticoid Injections and Developmental Assessment 


On postnatal day 4, individual pups were weighed and 
injected with either dexamethasone in saline (Merck, Sharp 
and Dohme, West Point, PA) or normal saline. Dex- 
amethasone was administered in either high dose (100 
mg/kg) or low dose (1 mg/kg); concentrations of the two 
glucocorticoid solutions were 10 mg/ml and 0.1 mg/ml, re- 
spectively. Animals were infused with either dexamethasone 
or saline via a subcutaneous needle attached to an infusion 
pump calibrated to deliver 100 yl per minute. All handling of 
the animals during this period was done with rubber gloves. 
The animals were returned to the mother immediately fol- 
lowing the injections. The rats were weighed on day 5 and 
every 5 days thereafter until termination of the study. 
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Water Maze Testing 


At 90 days of age the animals were tested for their ability 
to learn and reverse a spatial discrimination in a circular 
water tank. The tank, which was constructed of galvanized 
sheet-metal, was 120 cm in diameter and 56 cm deep. All 
interior surfaces were painted white, and there were no dis- 
tinctive cues inside the tank except for the seam where the 
edges of the sheet-metal walls were joined. The tank was 
divided into four quadrants marked on the upper rim with the 
four compass positions, N, S, E, W; these marks were not 
visible from the interior of the tank. The room in which the 
tank was placed was well differentiated visually. To the 
north, which was the tank quadrant with the seam, there was 
an open doorway leading into a dark alcove. To the south 
was a row of windows. To the east was a wall with a small 
sink. To the west was a cage washer. Room illumination was 
provided by the windows and a fluorescent fixture on the 
ceiling directly over the west wall of the tank. 

Adaptation. Prior to testing in the circular tank, all sub- 
jects were adapted to the water and tested for their ability to 
swim in a large aquarium (32 cm wide, 75 cm long, and 45 cm 
deep). A wire mesh platform was created at one end of the 
tank by inverting a rat cage, and the tank filled to a level 3 cm 
above this platform. The rat was placed in the water 
(22+2°C) at the opposite end of the tank with its nose facing 
the platform, and allowed to swim to the platform, which 
provided escape from the water. It was then placed in a 
holding cage for approximately 3 minutes before the next 
swimming trial. Adaptation testing was conducted in this 
fashion for 10 trials, 5 trials per day on each of two consecu- 
tive days. For each trial, the escape latency and two ratings 
of the animal’s swimming were recorded. Forepaw inhibition 
during swimming and directedness of the swim were rated by 
the method described by Whishaw, Nonneman and Kolb 
[22 

On the day prior to the onset of acquisition testing, the 
rats were adapted to the circular tank. A 13 cm seuare white 
platform was placed in the center of the tank, and the tank 
was filled with water (22+2°C) to a level 3 cm above the 
platform. The rat was initially placed on the platform for 10 
seconds and then put in the water with its forepaws touching 
the edge of the platform. After the rat had crawled onto the 
platform and stood for 15 seconds, it was given four addi- 
tional adaptation trials, one from each quadrant. During each 
trial, the rat was placed in the water 25 cm away with its head 
facing the platform. It was allowed to swim to the platform 
and to remain standing on it for 15 seconds between trials. 

Acquisition. During spatial acquisition testing, the plat- 
form was placed in the west quadrant 20 cm from the tank 
wall. The tank was filled to a depth 3 cm above the top of the 
platform, and milk powder was added to the water to mask 
the location of the platform. Testing consisted of 8 trials per 
day, 2 from each compass position. Within each block of 4 
trials, the order of the start position was randomized. On 
each trial, the rat was placed into the water with its nose 
almost touching the tank wall. After swimming to the plat- 
form, it was allowed to remain for 15 seconds before being 
placed in a holding cage for the 3 minute intertrial interval. 
Two experimenters, seated in the east and west positions, 
respectively, recorded the animal’s performance on each 
trial. The experimenter in the west position mapped the 
route taken by each rat as it searched for the submerged 
platform and also recorded the number of times the animal 
reared or turned around while standing on the platform. A 
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turn was defined as a 180° rotation of body position, and a 
rear was scored each time the animal’s forepaws were raised 
above the surface of the water. Both rears and turns were 
considered to be measures of orienting behavior. The exper- 
imenter in the east position handled the rat on each trial and 
recorded escape latency and intertrial intervals. If a rat had 
not located the platform within 120 seconds, it was removed 
from the tank and placed in the holding cage for the intertrial 
interval. A maximum latency of 120 seconds was recorded 
for that trial. Acquisition testing for each animal continued 
until it reached a criterion of 6 of 8 trials with latencies to 
reach the platform in 5 seconds or less on each of two con- 
secutive days. 

Reversal. On the day after each rat attained the acquisi- 
tion criterion, the platform was moved to the east quadrant. 
Testing was conducted as in acquisition and to the same 
criterion. 


Structural Assessment of Brain Growth 


Following behavioral testing, animals were sacrificed and 
body, total brain, cerebellar, and hippocampal wet weights 
were obtained. Similar body, brain, hippocampal and cere- 
bellar wet weights were obtained in other litters for evalua- 
tion of neural development as a function of dose of dex- 
amethasone. These litters were treated identically, injected 
at 4 days of age and sacrificed at either 10 or 20 days 
postnatal. 


Statistical Analyses 


The data were subjected to one-way analyses of variance 
for each age-level, followed when appropriate by Tukey’s a 
posteriori paired comparisons. 


RESULTS 
Effects on Body and Brain Growth 


A mild decrease in body weight (1.0-1.5 g) was noted in 
all groups 24 hours after injection. By 10 days of age signifi- 
cant weight differences had developed between groups, 
F(2,105)=262.39, p<0.001. Both low and high dose groups 
were significantly growth-retarded compared to controls 
(p<0.01). The high dose group was also significantly lighter 
than the low dose group (p<0.01) and exhibited characteris- 
tic loss of subcutaneous fat and sparse, fine, body hair. Sig- 
nificant weight differences remained at 20 days of age, 
F(2,98)= 123.28, p<0.001. Both groups were still signifi- 
cantly smaller than controls (p<0.01), although the differ- 
ence was more marked in the high dose group. By 60 days of 
age, the body weights of the low dose group were equal to 
controls; the high dose animals were significantly smaller 
than either low dose or control animals, F(2,44)=39.82, 
p<0.001; Tukey’s p<0.01. An apparently permanent 21% 
decrement was found as late as 150 days in the high dose 
animals. (Data illustrated at 10 and 20 days of age includes 
both sexes, which were not different in weight from each 
other at that time. Adult weights represent males only; sex- 
ual differentiation of body weights was evident between 25 
and 30 days of age in all groups; see Fig. 1). 

One-way analyses of variance revealed a significant 
steroid effect on brain weight at all three ages (10 day, 
F(2,84)=85.9, p<0.001; 20 day, F(2,100)=32.66, p<0.001; 
adult, F(2,21)=138.1, p<0.001). Individual group compari- 
sons revealed that brain weights were lower than control in 
both low and high dose animals at 10 days (p<0.01) and 20 
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FIG. 1. Developmental changes in whole body weight following 
saline (C) or dexamethasone (Hi and Lo) injections on day 4 of life. 
At ten days of age both Lo (N =37) and Hi (N =37) dose groups were 
significantly lighter than controls (N=34). At 20 days of age the 
dexamethasone treated animals, Lo (N=37) and Hi (N=28), were 
still significantly lighter than controls (N =36). However, by the time 
these animals reached adulthood only the Hi dose animals (N=12) 
were significantly different from controls (N=22). The Lo dose 
group (N=13) did not differ from controls. +SE (standard error of 
mean) (@=p<0.01 compared to controls; @=p<0.01 compared 
to low dose). 


days (p<0.91), but by adulthood only the high dose group 
remained significantly smaller (p<0.01). High dose animals’ 
brains also weighed significantly less than low dose animals 
at all ages (p<0.01; Fig. 2). 

Analyses of variance showed a significant effect of steroid 
treatment on hippocampal weight at all ages (10 day, 
F(2,69)=45.07, p<0.001; 20 day, F(2,68)=10.21, p<0.001; 
adult, F(2,24)=3.79, p<0.05). Subsequent paired compari- 
sons revealed that hippocampal weights were significantly 
lower than controls in the high dose group at 10 (p<0.01), 20 
(p<0.01) and 150 days of age (p<0.05). These reductions 
were generally proportional to the whole brain decrements 
exhibited by the high dose group, and did not indicate a 
specific effect upon growth of the hippocampus. Hippocam- 
pal weights in the low dose group differed from the high dose 
group at 10 and 20 days (p<0.01) and differed from controls 
only at 10 days (p<0.01). (Fig. 3). 

The analyses of variance showed a significant effect of the 
steroid on cerebellar weight at 10 days, F(2,52)=28.83, 
p<0.001; 20 days, F(2,54)=32.41, p<0.001; and 150 days of 
age, F(2,22)=40.27, p<0.001. In the low dose group, cerebel- 
lar weights were significantly lower than controls at 10 
(p<0.01) and 20 (p<0.05) days but higher at 150 days 
(p<0.05). Cerebellar weights of low dose animals were sig- 
nificantly higher than those of high dose subjects at all ages 
(p<0.01). High dose animals had 44%, 25% and 20% reduc- 
tions in mean cerebellar weight, compared to controls, at 10, 
20 and 150 days (p<0.01 see Fig. 4). 

In summary, transient decreases of body, whole brain, 
hippocampal and cerebellar weight are noted after a single 
neonatal low dose dexamethasone injection. By adulthood, 
all measures except cerebellar weight had recovered to the 
levels of controls. High dose animals, in contrast, were per- 
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FIG. 2. Whole brain weight following dexamethasone or saline in- 
jections on day four of life. At ten days of age all groups were 
significantly different from each other. Hi dose (N=29) were signifi- 
cantly lighter than Lo dose (N=34), which were also different from 
controls (N=24). At 20 days of age Hi dose (N=27) animals contin- 
ued to be significantly lighter than Lo dose (N=29), which in turn 
were lighter than controls (N=37). By adulthood the Lo dose 
animals (N=6) were no longer different from controls (N=9), while 
Hi dose animals (N=9) were found to be significantly lower than 
both groups. +SE (@=p<0.01 compared to controls; @=p<0.01 
compared to low dose). 


manently dwarfed by the single injection of dexamethasone, 
maintaining significantly lower body, whole brain, hip- 
pocampal, and cerebellar weights into adulthood. 


Spatial Learning and Reversal 


Initial evaluation of swimming ability in a water-filled 
runway revealed no differences in swimming style or speed 
between steroid injected and control animals. However, in 
the learning task, the dexamethasone treatment significantly 
impaired trials to criterion both in the acquisition phase, 
F(2,36)=3.91, p<0.05, and on the _ reversal phase, 
F(2,36)=3.36, p<0.05. Compared to controls, both steroid 
injected groups were deficient (p<0.05) in acquisition of the 
spatial learning task (Fig. 5). There were no differences in 
number of days to acquisition between the high and low dose 
groups. In the reversal task, both injected groups were also 
significantly impaired (p <0.05) in meeting the learning crite- 
rion (Fig. 5). On the reversal phase a trend toward a dose- 
related deficit in performance was noted, but the difference 
between the high dose and low dose groups was not statisti- 
cally significant (p >0.05). 

Turning performance was affected by the steroid treat- 
ment on the acquisition phase, F(2,24)=4.38, p<0.02, but 
not on the reversal phase, F(2,24)=1.00, p>0.1. During ac- 
quisition both steroid-injected groups showed more turning 
behavior while standing on the platform than did controls 
(p<0.05) but did not differ from one another. 


DISCUSSION 


The current study illustrates a behavioral deficit in ac- 
quisition and reversal of a spatial learning task in animals 
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FIG. 3. Alterations in hippocampal weight following early perinatal 
glucocorticoid injections on day four of life. At ten days of age 
control animals (N=29) were significantly heavier than both Hi dose 
(N=20) and Lo dose (N =23) animals. At 20 days of age, the Hi dose 
(N=19) animals were significantly lighter than controls (N =30) and 
Lo dose (N=22) animals, which were not different from each other. 
In adulthood the hippocampal weights were significantly different 
between the controls (N=10) and the Hi dose (N=9) groups while 
the Lo dose (N=9) animals were not different from either group. 
+SE (@=p<0.01 compared to controls; @=p<0.01 compared to 
low dose; O = p<0.05 compared to controls). 


treated as neonates with glucocorticoids. This occurs even in 
animals which do not illustrate a permanent loss of neural 
cells, but whose development is only transiently delayed. 


Neonatal Glucocorticoids and Brain Development 


Dose related suppression of brain growth may be 
achieved by either a single large dose of glucocorticoids in 
infancy ([{16]; present study), daily doses of glucocorticoids 
for 3-4 days [3,4], or subcutaneous implantation of a 
corticosteroid-containing pellet which releases the drug over 
several days [7, 10, 12]. In Schapiro’s early work, several 
morphologic indices of cortical development in steroid- 
treated rats reached adult levels at a later time than controls. 
Although temporally delayed, these milestones were reached 
despite a small brain size in the adults. The suppressive ef- 
fect on brain size appears to lessen as the steroid is adminis- 
tered later in the developmental period and neural cell 
proliferation is decreasing. 

The major mechanism by which glucocorticoids suppress 
growth is inhibition of thymidine kinase, which incorporates 
thymidine into replicating DNA [20]. In whole forebrain 
studies, Cotterell, Balazs and Johnson [4] found suppressed 
incorporation of *H-thymidine into DNA in the immediate 
post-treatment period, followed by an increase above 
baseline later in development. Howard and Benjamins [9] 
concluded that inhibition of glial cell proliferation was the 
major cause of the permanent DNA decrement in the fore- 
brain of steroid-treated neonatal rats and mice. The cell 
packing density (DNA per fresh weight of tissue) in the 
adults was unchanged from control, and the total decrement 
of forebrain DNA was too large to be due only to dentate 
granule cell population suppression. 

Bohn focused on changes within the area dentata brought 
about by steroid injections [3]. She noted suppression of 
tritiated thymidine uptake in the dividing neurons during the 
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FIG. 4. Development of the cerebellum after injections of either 
dexamethasone or saline on day four of life. At ten days of age the 
Hi dose animals (N=14) demonstrated a significant reduction in 
cerebellar weight compared to controls (N=18); a similar reduction 
was found when controls were compared with the Lo dose animals 
(N=23). At 20 days of age the Hi dose animals (N=9) were still 
significantly smaller than controls (N=28), as were the Lo dose 
animals (N=20). In adulthood the Lo dose animals (N=6) were sig- 
nificantly different from controls (N=10), though both of these 
groups had significantly greater cerebellar weights than Hi dose 
animals (N=9). +SE (@=p<0.01 compared to controls; 
@=p<0.01 compared to low dose; O=p<0.05 compared to con- 
trols). 


four days of steroid administration, then immediate return to 
control levels of uptake thereafter. By 60 days of age, there 
appeared to be no difference in the total volume of the den- 
tate granule cell layer. Bohn concluded that despite the 
manifest delay in normal production of these neurons, the 
population was sufficiently well regulated that it recovered 
to normal numbers. The non-neuronal population appeared 
unable to respond this way, since the adult forebrains of 
treated rats were 10% smaller than controls. 

In our high dose group, severe irreversible suppression of 
brain growth was associated with deficits in behavior com- 
parable to those of the low dose group. The low dose sub- 
jects in the present study probably have their full comple- 
ment of cells; they differ from normals largely in the time 
course of their maturation. Altered behavior of the adult, 
even with complete restoration of normal cell number by the 
time of testing, suggests that the disrupted sequence of 
granule cell genesis and granule cell connectivity underly the 
animal’s functional deficits. 

While relative undernutrition of the steroid injected 
animals may exist, it seems unlikely that the results of this 
study are due to undernutrition per se. These rats have a 
different phenotypic appearance from animals subjected to 
neonatal malnutrition. Severe protein caloric malnutrition 
does not suppress thymidine kinase activity, as do corticos- 
teroids [20], and the self motivated nutritional rehabilitation 
of weight seen in malnourished animals who are then given 
ad lib food does not occur in steroid treated animals [5]. 
Finally, severe nutritional deprivation yielding weight gains 
comparable to steroid-treated animals does not result in behav- 
ioral deficits like those of the glucocorticoid group [11]. 
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FIG. 5. Days to criterion for acquisition and reversal of spatial task 
in the open field water maze. Animals were treated on day 4 of life 
with either saline (C) or dexamethasone (Lo) or (Hi). In acquisition, 
both the Lo dose (N=15) and Hi dose (N=15) groups required signif- 
icantly more days than controls (N=12) to reach criterion. On the 
reversal phase, Lo and Hi dose animals were again significantly 
worse than controls. +SE (@=p<0.05 compared to controls). 


In adult rats either hippocampal or frontal cortex damage 
will disrupt performance in the water maze [18,19]. Whole 
brain weight was reduced at 10 and 20 days in both the low 
and high dose groups in the present study, but it seems un- 
likely that the behavioral deficit was due to frontal cortical 
dysfunction, since neonatal frontal lesions do not disrupt 
behavior of the adult rat in this task [18]. Although hip- 
pocampal growth was suppressed only transiently in the low 
dose group, altered hippocampal function may be responsi- 
ble for the behavioral effect. The vulnerable neuronal popu- 
lation, the dentate granule cells, comprise a small fraction of 
total hippocampal weight; differences beyond 10 days of 
age in this subregion might not be detected by measuring 
weight of the entire hippocampal formation. In addition, 
Bohn documented disruption of dentate granule cell genesis 
by neonatal glucocorticoids, and found restoration of the cell 
population by adulthood [3]. 

The behavioral performance of the animals in the present 
study is very similar to that of animals with known hip- 
pocampal damage. Deficits in spontaneous alternation are 
seen in adult rats with hippocampal lesions [6] and in adults 
which were irradiated as neonates to destroy the dentate 
granule cell population [2]. We have also observed deficits in 
spontaneous alternation in animals injected with the same 
high dose of dexamethasone as was employed in this study 
[13]. Also, we noted that spatial learning in the tank was 
disrupted in a fashion similar to that of animals with hip- 
pocampal damage [18]. During the first days of acquisition 
testing in the tank, the injected animals had longer latency 
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scores because of greater tendencies to circle the walls of the 
tank; controls made forays across the tank in search of the 
platform sooner than did the steroid treated subjects. On the 
reversal, the steroid injected animals’ latency scores over 
the first two days were higher and days to criterion greater 
because of persistent return to the previous site of the plat- 
form. The controls would alter their search for the new plat- 
form locus sooner, while the experimental animals persev- 
erated in returning to the old platform site. The experimental 
groups were also more active on the platform than the con- 
trols. Thus the problems which the experimental groups 
encountered with the learning task illustrated spatial orient- 
ing defects as well as perseveration, classic signs of hip- 
pocampal system damage. The major relative effect of brain 
growth suppression was on the cerebellum, because of the 
large numbers of actively proliferating granule cells found 
there in the post-natal period. While such animals, as adults, 
have coordination deficits referable to cerebellar systems, 
swimming was not affected in the current study and there are 
no data to suggest that cerebellar dysfunction affects spatial 
learning on this task. 


Implications for Clinical Use of Glucocorticoids 
in Early Development 


Chronic low dose glucocorticoid therapy during preg- 
nancy results in retarded intrauterine growth in both humans 
and mice [15]. Corticosteroids are administered to pregnant 
mothers, infants, and young children during apparently mor- 
tal crises in which there exists some probability that life is 
threatened. Various glucocorticoids have been used clini- 
cally to acutely treat such conditions as cerebral edema, 
status epilepticus, status asthmaticus, and idiopathic respira- 
tory distress syndrome in premature infants. The marked 
and persistent abnormalities of growth, initiated by a single 
systemic injection of dexamethasone in 4 day old rats, 
suggests that caution be exercised when considering the clin- 
ical use of this steroid during late stages of human pregnancy 
and early postnatal life, and warrants further study [21]. Fi- 
nally, the observation of behavioral deficits in adult ani- 
mals who appear to have recovered from all developmental 
delays, suggests that alterations in brain and behavior 
brought about by use of glucocorticoids in pregnancy and the 
early postnatal period may be more subtle than previously 
realized. 
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BLAVET, N. AND F. V. DEFEUDIS. Further characterization of the anorexic action of orally-administered THIP, a 
GABA-analogue, in the rat. PHYSIOL. BEHAV. 295) 901-904, 1982.—Sprague-Dawley rats were used to further charac- 
terize the anorexic action of orally-administered THIP, a GABA-analogue. The anorexic action of THIP (5 or 10 mg/kg) 
was antagonized by prior subcutaneous injection of bicuculline (1 mg/kg), but not by prior subcutaneous injection of 
bicuculline-methobromide (1.5 mg/kg), strychnine-SO, (0.75 mg/kg), pentylenetetrazol (25 mg/kg), or picrotoxin (1 mg/kg). 
Orally-administered GABA (50-300 mg/kg), bicuculline (1-10 mg/kg) or picrotoxin (1-10 mg/kg) generally did not inhibit 


food intake. These results indicate that the anorexic action of THIP is mediated by central GABA-receptors. 


Feeding behavior THIP GABA Bicuculline 


Pentylenetetrazol 


Anorexic agent 


Picrotoxin Strychnine 





THE inhibitory neurotransmitter y-aminobutyric acid 
(GABA) appears to be involved in the central regulation of 
food intake [5, 10, 13, 16]. In this regard, it has been shown 
that _intracerebroventricularly-injected muscimol (a 
conformationally-restricted GABA-analogue) reliably in- 
duced feeding behavior in satiated rats [14,15] and that in- 
jections of GABA or muscimol directly into the ventromedial 
hypothalamus (VMH) also produced feeding behavior [7,9]. 
Injections of muscimol into the dorsal raphé nucleus of 
satiated rats also stimulated feeding behavior by an action 
that was sensitive to bicuculline and picrotoxin [17]. 

In contrast to results obtained with intracerebroventricu- 
lar or intracerebral administration, intraperitoneally- 
administered muscimol caused a dose-related decrease in 
milk consumption in rats [3]. More recently, it has been 
shown that intravenous or oral administration of 4,5,6,7- 
tetrahydroisoxazolo [5,4-c]-pyridin-3-ol (THIP), a potent 
GABA-agonist that penetrates the ‘‘blood-brain barrier” 
and which has little or no affinity for GABA-metabolizing 
enzymes or GABA transport systems [11,12], decreased 
food intake in the rat and that the action of orally- 
administered THIP was antagonized by prior subcutaneous 
treatment with bicuculline [1,2]. 

In the present report the anorexic action of orally- 
administered THIP has been characterized further using the 
bicuculline-analogue bicuculline-methobromide, strychnine, 
pentylenetetrazol and picrotoxin. 





METHOD 
Animals 


Male Sprague-Dawley rats (Charles River), 180-210 g, 
were used. The animals were housed singly in plastic cages 
(14x20x30 cm) containing litter. One week with food and 
water ad lib was allowed for acclimatization of the animals to 
their new surroundings. A cycle of 12 hours of darkness 
(19:00-7:00 hr) and 12 hours of light (7:00-19:00 hr) was 
maintained throughout the experiments. 


Drugs 


The agents used were: (+)bicuculline (Sigma Chem. Co., 
St. Lous, MO), picrotoxin (J. Serigo, Paris), strychnine-SO, 
(Merck, Paris), y-aminobutyric acid (GABA; Sigma Chem. 
Co.), pentylenetetrazol (K & K Labs, Inc., Plainview, NY), 
4,5,6,7-tetrahydroisoxazolo[5,4-c ]pyridin-3-ol (THIP; kind- 
ly provided by Dr. P. Krogsgaard-Larsen and Dr. J. Arnt, 
Copenhagen), and (+)bicuculline-methobromide (kind- 
ly provided by Dr. J. F. Collins, London, England). 


Test for Food Intake 


Rats were permitted to consume food between 11:00- 
15:00 hr each day, while having free access to water, and 
they received their cups of food in plastic cages (8.5 13 x27 
cm). Food consisted of a mixture of 600 g of powdered 
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BLAVET AND DeFEUDIS 


TABLE 1 


EFFECTS OF BICUCULLINE, BICUCULLINE-METHOBROMIDE, STRYCHNINE, PENTYLENETETRAZOL OR 
PICROTOXIN ON THE ANOREXIGENIC ACTION OF ORALLY-ADMINISTERED THIP IN THE RAT 





Food consumed during first hour (g) 


Food consumed during four hours (g) 








Days 1+2* Day 3* 


Day 4* 


Days 1+2* Day 3* Day 4* 





Control (no convulsant)* 


7.4 
11.5 


It I+ H+ 


7.8 + 0.7 


+ 
+ 


-/ 


1.4§ 


1 a 


I+ I+ I+ 
It It I+ 


Bicuculline (1 mg/kg) before THIP 


lt I+ I+ 


11.6 + 0.9 


12.6 
13.9 
14.4 


1.0 
1.3 


I+ I+ I+ 
I+ I+ I+ 


Bicuculline-methobromide (1.5 mg/kg) before THIP 


I+ I+ I+ 


10.9 + 1.5 
12.4 + 1.5§ 
13.6 + 1.79 


15.4 


Strychnine-SO, (0.75 mg/kg) before THIP 


9.1 
6.9 
4.0 


i 
1.8 9.9 


2 


9.4 - 


+ 0.9 
1.1 
1.4 


2 
3.2 
l 


It I+ I+ 


+ 
+ 


Pentylenetetrazol (25 mg/kg) before THIP 


12.6 
11.5 
12.1 


4.7 
4.2 
4.2 


1.4¢ 
0.7§ 
1.19 


I+ I+ I+ 


19.0 
16.0 
16.5 


2.1% 4 
2.0§ Ay 
1.09 1.1 


I+ It I+ 
I+ I+ I+ 


Picrotoxin (1 mg/kg) before THIP 


12.8 
14.4 
12.2 


99:13 
7.4+ 1.19 
4.0 + 1.19 


11.7 + 0.5 
5 2:35 + 0.7 
10 11.4 + 0.6 


— 


+ 


+ 


+ 


0.7 
0.7 


1.2 


0.8 
0.74 
1.09 


13.6 
14.4 
15.7 


I+ I+ I+ 





*Days 1+2 refers to values obtained during the two days prior to drug administration; Day 3 refers to values 
obtained on the day of drug administration; Day 4 refers to values obtained on the day after drug administration; 
+data previously reported [2]. THIP was administered 30 min before presentation of food; other agents were given 


subcutaneously 10 min before THIP in the doses indicated. 


Means + S.E.M. of 12 values from 6 animals for Days 1+2 and of 6 values from the same 6 animals for Day 3 and 
Day 4; ¢, § and § indicate, respectively, p<0.05, p<0.01 and p<0.001 for paired t-tests; Days 1+2 were paired to 


Day 3 and Day 3 was paired to Day 4. 


standard rat chow (Union d’Alimentation Rationnelle) and 
250 ml of soybean oil. Under control conditions, rats con- 
sumed 11.3+0.3 g of food during the first hour and 15.4+0.3 
g during the total four-hour period (means+S.E.M. of 126 
values from 21 rats in both cases). Determinations made on 
Monday were not included in the final analysis to eliminate 
the influence of the weekend (Saturday and Sunday) feeding 
regime, during which the animals received two pellets of 
standard rat chow per day. Determinations made on Tuesday 
and Wednesday were considered as ‘‘control’’ values (Days 
1+2), drugs were tested on Thursday (Day 3), and determi- 
nations made on Friday (Day 4) permitted evaluation of sus- 
tained effects of the drugs. Animals were tested in groups of 
six. Using intragastric tubes, single oral doses of THIP, 
GABA, bicuculline or picrotoxin (1.0 ml/100 g body weight) 
were administered each week (on Thursday, Day 3) 30 min- 


utes before presentation of food to the animals, the vehicle 
(water) being administered by the same method on the other 
days. For testing possible antagonists of THIP’s anorexic 
action, subcutaneous injections of bicuculline (1 mg/kg), 
bicuculline-methobromide (1.5 mg/kg), strychnine-SO, (0.75 
mg/kg), picrotoxin (1 mg/kg), or pentylenetetrazol (25 mg/kg) 
were given 10 minutes before THIP. At the doses used none 
of these agents produced convulsions or other behavioral 
changes. 


RESULTS 


Results shown in Table 1 indicate that although the 
anorexic effect of THIP can be blocked by prior subcutane- 
ous administration of bicuculline, it is not blocked by 
bicuculline-methobromide (a quaternary _ bicuculline- 
analogue which is not expected to readily penetrate the 





THIP AND FEEDING BEHAVIOR 


TABLE 2 


LACK OF EFFECT OF ORALLY-ADMINISTERED GABA, BICUCULLINE OR PICROTOXIN ON 
FEEDING BEHAVIOR IN THE RAT 





Dose 
(mg/kg PO) 


Food consumed during first hour (g) 





Days 1+2* 


Day 3* 


Day 4* 


Food consumed during four hours (g) 


Days 1+2* 





I+ I+ I+ 


I+ It I+ 


GABA 


11.8 : 
282i 
13.5 + 2.6 


Bicuculline 


11.1 + 1.6 
12.4 + 0.7 
8.3 + 1.4 


Picrotoxin 


I+ I+ I+ 


10.9 ee 5 : 11. 
10.0 + 0.8 8.7 + 1. Il. 


10 8.2 + 1.0 5.1 a 11.3 + 


+ 0.9 14.4+ 1. fe 2 §. , 1.1 


1.8 14.8 : 3. . 1.1 
1.27 it & i. i = Sy 1.02 





*Days 1+2 refers to values obtained during the two days prior to drug administration; Day 3 refers ro values 
obtained on the day of drug administration; Day 4 refers to values obtained on the day after drug administration. 
GABA, bicuculline and picrotoxin were given 30 min before presentation of food. Means+S.E.M. of 12 values from 
6 animals for Days 1+2 and of 6 values from the same 6 animals for Day 3 and Day 4; + and ¢ indicate p<0.05 and 
p<0.01, respectively, for paired t-tests; Days 1+2 were paired to Day 3 and Day 3 was paired to Day 4. 


blood-brain barrier), strychnine, picrotoxin or pentylenetet- 
razol. Also, orally-administered bicuculline (1-10 mg/kg) or 
picrotoxin (1-10 mg/kg) did not produce significant reduc- 
tions in food intake in the rat, although a trend toward re- 
duced food intake was evident with picrotoxin (Table 2). 
Orally-administered GABA (50-300 mg/kg) produced a sig- 
nificant decrease in food intake only at the 100 mg/kg dose 
when food intake during the total four-hour test period was 
considered (Table 2). 


DISCUSSION 


It has been shown, previously using the same method as 
was used here, that orally-administered THIP produced a 
dose-dependent decrease in food intake in the rat with ED., 
~3 mg/kg, and that this action of THIP can be prevented by 
prior administration of bicuculline [2]. In the present study, 
blockade of the anorexic action of THIP was achieved with 
bicuculline (which readily penetrates the blood-brain bar- 
rier), but not with bicuculline-methobromide (which is ex- 
pected to affect mainly extra-cerebral GABA-receptors), 
picrotoxin (which interacts with GABA-regulated Cl-- 
ionophores; [18]), strychnine (which has greater affinity for 
glycine- or B-alanine-receptors than for GABA-receptors; 
[4]) or pentylenetetrazol. Furthermore, GABA itself, at 
much higher doses than those used for THIP, did not mark- 


edly influence feeding behavior. In this regard, it is known 
that GABA does not readily penetrate the blood-brain bar- 
rier and that, unlike THIP, it is extensively metabolized by 
extra-cerebral tissues [6,12]. The doses of THIP used in the 
present study did not appear to inhibit motor behavior or to 
produce overt toxic symptoms in the animals. However, it 
should be noted that THIP does exert a potent analgesic 
action at the doses used in the present study [8]. Further 
studies on motor activity are necessary to show whether 
THIP’s analgesic and sedative effects can be dissociated 
from its anorexic action. 

It is of interest that intracerebroventricular or in- 
tracerebral (VMH) injections of GABA or GABA-agonists 
stimulate feeding behavior, whereas parenterally- or orally- 
administered muscimol [3] or THIP [1,2] decrease feeding 
behavior. The reason for this difference is not clear, but it 
might be considered that intracerebroventricular or in- 
tracerebral administration of THIP or muscimol produces 
inhibition of satiety (VMH) mechanisms and that peripheral 
administration of these GABA-agonists causes mainly an 
inhibition of the lateral hypothalamic feeding center [4,15]. 
In any case, the results presented here support the hypoth- 
esis that the potent GABA-agonist THIP inhibits food intake 
by interacting with central GABA-receptors. 
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YAMAMOTO, T., R. MATSUO, T. FUJIWARA AND Y. KAWAMURA. EMG activities of masticatory muscles during 
licking in rats. PHYSIOL BEHAV. 295) 905-913, 1982.—EMG activities of the jaw closers and the jaw opener were 
recorded during licking of water and varying taste solutions in rats. The rats showed a continuous and rhythmic licking 
pattern (about 7 Hz) when they took water, 0.5 M sucrose and 0.1 M NaCl. A clear reciprocal relation of the jaw closers and 
opener was recognized during licking. The digastric muscle (jaw opener) started to work about 60 msec before the contact 
of the tongue with the liquid and ceased its activity at the moment of the contact, while the temporalis and masseter muscles 
(jaw closers) started to work about 50 msec after the contact. On the other hand, the rats rejected 1 M NaCl and 5x 10-* M 
quinine-HCl, and stopped licking within a few seconds. However, EMG activities of the masticatory muscles continued 
more than 20 sec after cessation of licking. A characteristic jaw opening (gaping) was observed after licking quinine or after 
an oral infusion of 0.3 M CaCl,. To presentations of 0.03 M HCI and 0.3 M NaCl, the licking pattern was the intermediate 
between the above-mentioned licking patterns shown by acceptable and rejective taste stimuli, i.e., the rats tended to show 
intermittent lickings to these HCl and NaCl solutions and the interlick interval varied greatly. The present results suggested 
that licking patterns and EMG activities of the masticatory muscles were characterized by the hedonic aspect or palatability 
of taste (acceptance-rejection dichotomy) rather than the taste quality (whether a taste is sugar, salt, acid, etc.). 

Taste Licking 


EMG Masticatory muscles 





tributed to the reflex mediated through the caudal parts of 
the brain stem. 

All of the above-mentioned studies are concerned with 
the role of taste stimuli in initiation of different oro-facial 
motor activities, when the taste stimuli were applied into the 
mouth by means of varying experimental manipulations. 
And, the effects of taste stimuli on oral movements during 
natural drinking and/or eating behaviors have not been well 
elucidated yet both in animals and humans. In this regard, 


FOLLOWING the taste qualities of foods taken into the 
mouth, animals as well as humans generally show charac- 
teristic jaw and tongue movements and facial expressions. 
For example, Steiner [17] reported that human newborn in- 
fants showed active and differential oro-facial expressions 
depending on the quality of gustatory stimuli; the responses 
were characterized by expressions of relaxation and accep- 
tance to sweet taste of sugar and of rejection to bitter taste of 
quinine, respectively. Grill and Norgren [5,6] analyzed the 


pattern of tongue, jaw and body movements elicited by an 
infusion of a small amount of the four basic taste solutions 
(sucrose, NaCl, HCl and quinine-HCl) into the oral cavity of 
freely moving rats. Each of the sapid stimuli generated a 
stereotyped response, i.e., sucrose, NaCl and HCI solutions 
elicited a response sequence beginning with rhythmic mouth 
movements followed by rhythmic tongue protrusions and 
then lateral tongue movements, while quinine elicited a re- 
sponse pattern beginning with gaping followed by various 
body responses. Besides these behavioral experiments, sev- 
eral electrophysiological studies have been reported con- 
cerning hypoglossal and facial nerve activities elicited by 
taste stimuli in anesthetized frogs [11,15], rats [22,23], rab- 
bits [17] and cats [17]. According to the results from these 
behavioral and electrophysiological studies, oro-facial motor 
activities induced by taste stimulation might basically be at- 





Steiner [18] reported in human subjects that palatable foods 
were eaten more vigorously as characterized by a shorter 
total oral handling time and fewer masticatory strokes than 
unpalatable foods. This study, together with the observa- 
tions by Pierson and Le Magnen [16] on chewing and swal- 
lowing patterns in man as a function of taste, suggests that 
taste as well as other oral-mandibular sensation from the 
muscle, joint, teeth, etc., can modulate masticatory move- 
ments which requires accurate coordinated activation of the 
muscle groups involved [4]. 

In the present study, to evaluate the gustatory modulation 
of natural oro-mandibular functions, the mode of coordi- 
nated activation of the oral musculatures was analyzed by 
recording the tongue movements and electromyograms 
(EMGs) of the masticatory muscles in unrestrained rats who 
were licking different kinds of taste solutions. 
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METHOD 


Preparation 


Thirteen male Wistar rats (250-300 g) were used. They 
were housed in wire-mesh home cages where rat food (O- 
riental Co. MF) was available ad lib, and were put on a 
23-hr water-deprivation schedule and trained to drink for | hr 
in a test box of 21x21x30 cm size. The rats were subse- 
quently anesthetized with an IP injection of sodium pen- 
tobarbital (50 mg/kg). The left masseter, temporalis and the 
anterior belly of the digastric muscles were exposed after 
partial removal of the overlying skin. A pair of enamel- 
coated copper wires (150 ~m outer diameter) were sewed in 
each muscle with an interpolar distance of about 3 mm. The 
wires from the various recording sites were passed under the 
skin and soldered to a 6 pin miniature socket cemented to the 
skull with dental acrylic resin. All animals were given ad 
lib water and food for a week following surgery and then 
were put back on the same water-deprivation schedule. 


Recording 


The rats licked a various kind of liquids in the test box 
from a single drinking tube via a circular window (12 mm 
diameter). The tip of a glass spout (6 mm inner diameter) 
from this tube was positioned 2.5 mm outside from the win- 
dow. This arrangement required the rat to protrude its 
tongue to make contact with the spout and thereby pre- 
vented contact of the spout with the lips [13]. To monitor the 
licking pattern, a photometric device was used as described 
precisely in our previous paper [26]. Briefly, an infrared light 
emitting diode and a phototransistor were placed so that the 
photo beam crossed just in front of the spout. When the rat 
extends its tongue to lick solution, the photo beam is de- 
flected. The device generates a single electric pulse (5 V, 70 
msec duration) at the moment of interruption of photo beam. 
In a pilot study, the onset time of both the photo beam de- 
flection and the electric pulse was compared with that of 
actual contact of the tongue with a solution. A contact ar- 
tifact was measured by monitoring a DC deflection be- 
tween two wires electrodes, one from the body of the rat and 
the other from the solution in the drinking tube. When the 
rat’s tongue contacted with the solution, a circuit closed and 
the DC level was changed. However, these wires were not 
placed during actual experiments to avoid intervention of an 
artifact in EMG activities. Since the onset time of the three 
recordings was within a range of 5 msec, the photo beam 
deflection or the electric pulse could be used as a sign of 
contact of the tongue with the liquid in the tube. In case of 
sniffing, a small photo beam deflection occurred, but no elec- 
tric pulse was generated. Therefore, the electric pulses were 
used for analysis of licking patterns. 

Via a mating plug and shielded cables the respective pairs 
of electrodes were connected to a mercury slip-ring connec- 
tor (Takahashi Co., B-377). The rat could reach all parts of 
the cage without losing slack in the cable. From the connec- 
tor, activities of the three masticatory muscles were led to an 
amplifier with a low-cut filter (200 Hz) to eliminate baseline 
distortion, monitored by an oscilloscope and stored on mag- 
netic tape. The above-mentioned photo beam deflection and 
electric pulse were stored simultaneously with EMG activi- 
ties on magnetic tape. The interlick interval analysis and 
averaging of EMG activity were performed by use of a mini- 
computer system (Nihonkohden, Co., ATAC-2300 and 
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San-ei, Co., 7T08). The EMG activity was rectified, but not 
electronically integrated, for averaging. 


Denervation of the Digastric Muscle 


In comparison to the massive volume of the temporalis 
and the masseter muscles, the anterior belly of the digastric 
muscle is flat in its shape and is surrounded by varying su- 
prahyoid muscles. Therefore, in some rats, the digastric mus- 
cle was denervated to examine the possibility that the digas- 
tric EMG activity might be intervened by EMG activity from 
the adjacent muscles (e.g., extrinsic tongue muscles [14]). 

After the rats were served for recording of EMG activi- 
ties, they were again anesthetized with an IP injection of 
sodium pentobarbital (50 mg/kg) and the trigeminal motor 
nerve innervating the anterior belly of the digastric muscle in 
which the recording electrodes were implanted was tran- 
sected with a pair of fine scissors. The animals were given ad 
lib water and food for 3-7 days following surgery and 
then were put back on the same water-deprivation schedule 
and EMG activities were recorded during licking. 


Stimuli 


The taste solutions were 0.5 M sucrose, 0.03 M HCl, 
5x 10-4 M quinine-HCl, 0.1 M, 0.3 M and 1.0 M NaCl and 0.3 
M CaCl, made up with deionized water. All the chemcials 
were in reagent grade. Each of these solutions and deionized 
water except 0.3 M CaCl, were presented for 20 sec ran- 
domly. Each liquid was presented at least 2 times. In some 
experiments, about 0.5 ml of 0.3 M CaCl, was injected into 
the oral cavity of the rat, when it was lying on the floor in the 
test box. Injection was made manually so that the blunt tip of 
a needle (1.5 mm outer diameter) connected to a | cc syringe 
could be inserted into the oral cavity from the corner of the 
mouth. Rat food (dried pellets) was put in the test box when 
EMG activity during chewing was needed. 


RESULTS 
Licking Pattern 


Sample records of typical licking patterns to presenta- 
tions of varying liquids are shown in Fig. 1. The rats pre- 
ferred water, 0.5 M sucrose and 0.1 M NaCl, and showed a 
rhythmic licking during the course of the presentation period 
(20 sec). The typical interlick interval distributions based on 
the initial 100 intervals during the licking of 0.5 M sucrose 
and 0.1 M NaCl are shown in Fig. 2A, B. In these histo- 
grams, the mean interlick interval +S.D. was 145+13 and 
156+43 for sucrose and NaCl, respectively. The mean inter- 
lick interval +S.D. of the mean value obtained in 6 rats was 
151+11 and 155+8 for sucrose and NaCl, respectively. Gen- 
erally, the interlick interval increased gradually, but very 
slightly, following the time after onset of the first lick. 


The rats rejected 5 x 10-* M quinine and the strong (1.0 M) 
NaCl solutions. As shown in Fig. 1, they stopped licking 
these solutions within a few seconds after presentation, and 
usually did not lick any more for the remainder of the 20 
sec-presentation time. 

On the other hand, 0.03 M HCI and 0.3 M NaCl were the 
intermediate between the above-mentioned palatable and 
unpalatable taste stimuli. As shown in Fig. 1, the licking time 
to these solutions was longer than that to 1.0 M NaCl or 
5x 10-4 M quinine, but licking rate was not constant in com- 
parison to that for water, 0.5 M sucrose or 0.1 M NaCl, i.e., 
the licking pattern was irregular and/or intermittent. Espe- 
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FIG. 1. Licking patterns of a rat to presentations of water and a variety of chemical solutions. Each pulse was generated at the moment 
when the rat’s tongue contacted with the liquid. 
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FIG. 2. Typical interlick interval distributions for lickings to 0.5 M sucrose, 0.1 M NaCl and 0.03 M HCI. The histograms shown in A and B 
were made based on samples of 100 intervals and C was based on 80 intervals in | msec bins, while the histogram D which corresponds to C 
was based on 100 intervals in 5 msec bins. 
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FIG. 3 EMG activities of the temporalis (Temp.), masseter (Mass.) and the anterior belly of the digastric (Dig.) 
muscles during lickings of deionized water in a normal control rat and in the same rat after transection of the digastric 
motor nerve. The sign of licking is shown by photo beam disruptions (upward deflection). Calibrations are 1 sec and 


200 nV. 


cially, the intermittent licking pattern was frequently ob- 
served when 0.03 M HCI was presented. Such a characteris- 
tic licking pattern to 0.03 M HCI is also indicated by the 
interlick interval histograms (Fig. 2C, D). In these histo- 
grams there is a peak at around 150 msec interval which is 
similar to the mean interval obtained for 0.5 M sucrose or 0.1 
M NaCl. This finding suggests that the rhythmicity of the 
tongue movements during licking is fairly constant regard- 
less the quality of taste stimuli. 


EMG Activity During Licking 


The upper half records in Fig. 3 show the sign of licking 
(photo beam deflection), and EMG activities of the tem- 
poralis, masseter and the anterior belly of the digastric mus- 
cles in a normal rat during licking of water. The lower half 
records were obtained in the same rat after denervation of 
the digastric muscle. No digastric EMG was detected after 
denervation, which indicates that the implanted electrodes 
picked up the digastric activity exclusively. Another effect 
was an irregular licking pattern and a marked variation in lick 
duration, which possibly resulted from a disorder of tongue 
mobility due to a limited jaw opening. EMG activities of the 


jaw closers were essentially similar both before and after 
denervation. 

Sample records of licking patterns and EMG activities of 
the three masticatory muscles for palatable and unpalatable 
taste stimuli are shown in Figs. 4 and 5, respectively. Each 
data were obtained from different animals. Generally, the 
temporalis muscle exhibited spontaneous activity more 
dominantly than the other two muscles. The spontaneous 
activity in the temporalis muscle decreased just before the 
start of licking and this decrement lasted during the course of 
jaw movements. Each muscle showed a rhythmic activity 
corresponding to the licking movement. 

To examine the coordination of the EMG activity among 
the masticatory muscles, the EMG activity was averaged 50 
times as shown in Fig. 6. EMG activity was triggered by the 
rising phase of the electric pulse which was generated at the 
moment of photo beam deflection, and is indicated by a ver- 
tical dashed line in Fig. 6. During the licking of 0.5 M sucrose 
and 0.1 M NaCl, EMG activity of the jaw closers (the tem- 
poralis and masseter muscles) and the jaw opener (the digas- 
tric muscle) was clearly reciprocal. The jaw opener started to 
activate about 60 msec before the contact of the tongue with 
the liquid, and ceased its activity at the moment of the con- 
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FIG. 4 EMG activities of the temporalis (Temp.), masseter (Mass.) and the anterior belly of the digastric (Dig.) muscles to 
presentations of water, 0.1 M NaCl and 0.5 M sucrose. The sign of licking is shown by photo beam disruptions (upward 
deflections). Records were obtained from different rats. Calibrations are | sec and 200 nV. 


tact. Activation of the jaw closers started about 50 msec after 
the contact. 

The rats licked 0.03 M HCl intermittently, that is, a 
rhythmic licking and a pause (or interruption) of licking ap- 
peared alternately. As shown in Fig. 5, a characteristic EMG 
activity was observed during this pause rather than during 
the rhythmic licking which was essentially the same as ob- 
served during licking of the palatable solutions. The rats 
showed more dominant activity during the pause than during 
the rhythmic licking in the jaw closers (especially the tem- 
poralis muscle), but not in the jaw opener. The rhythmicity 
of the EMG activity elicited during the pause was almost 
similar to that during the rhythmic licking. EMG activity was 
also averaged 50 times when the animal licked 0.03 M HCI 
and 0.3 M NaCl. As shown in Fig. 6, a prolonged duration of 
jaw closer activity was detected after contact of the tongue 
with the solution. This activity generally consisted of early 
and late components, especially in the temporalis muscle. 
This late component corresponded to the post-contact ac- 
tivation of the jaw closers during rhythmic lickings observed 
for the palatable solutions. The early component which 
started about 30 msec after the contact may reflect the 
above-mentioned brisk activity of the jaw closers observed 


during the pause of licking. Since averaging was triggered by 
the electric pulse at the moment of the photo beam deflec- 
tion, the early component reflects the first brisk EMG activ- 
ity induced immediately after the last lick within the 
rhythmic lickings. 

The most characteristic EMG activity was induced after 
several rhythmic lickings to 5x10-* M quinine-HCl. The 
EMG activities of the masticatory muscles generally contin- 
ued for about 20 sec or more after cessation of licking. Fur- 
thermore, as shown in the records in Fig. 5, the strong bursts 
of activity appeared in the digastric muscle as indicated by 
solid circles and in the jaw closers after licking of this solu- 
tion. These strong bursts also occurred dominantly after in- 
fusion of a small amount of 0.3 M CaCl, (a strongly aversive 
stimulus) into the rat’s mouth (Fig. 5). Corresponding to 
these strong bursts of EMG activity, the rat rhythmically 
opened its mouth widely. This opening corresponded to the 
‘*gaping’’ reported by Grill and Norgen [5]. 


EMG Activity During Chewing 


EMG activity of the three masticatory muscles was re- 
corded during chewing of dried rat pellets. As shown in Fig. 
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FIG. 5. EMG activities of the temporalis (Temp.), masseter (Mass.) and the anterior belly of the digastric (Dig.) muscles to 
presentations of 0.03 M HCI and 5x 10-* M quinine-HCl. The sign of licking is shown by photo beam disruptions (upward 
deflections). The bottom EMG records were obtained when 0.5 ml of 0.3 M CaCl, was infused (at the arrow) into the oral 
cavity of a rat by means of a syringe. Note the brisk rhythmic EMG activities in the three masticatory muscles about 4 sec 
after infusion. The strong bursts of digastric activity indicated by solid circles were induced corresponding to gapes. 
Records were taken from different rats. Calibrations are 1 sec and 200 nV. 


7A, each muscle showed more dominant EMG activity dur- 
ing chewing than during licking. On the other hand, the du- 
ration of the digastric activity was shorter during chewing 
rather than during licking. These phenomena can be well 
demonstrated by averaging the EMG activity as shown in 
Fig. 7B. EMG activity during chewing was triggered by the 
rising phase of the digastric activity. In addition to the 
above-mentioned characteristic EMG activities during chew- 
ing, this analysis revealed that the activity of the temporalis 
muscle consisted of biphasic components. The interburst 
interval distribution of the digastric EMG activity during 
chewing revealed that the mean interval was around 200 
msec, which indicates that the jaw moves at a rate of about 5 
Hz (Fig. 7C). 


DISCUSSION 


The present study clearly showed that the masticatory 
muscles and the tongue exhibited rhythmic coordinated 
movements during licking, and the rate of this rhythm was 
about 7 Hz in the present experimental situation which was 


similar to the high restriction environment reported by 
Marowitz and Halpern [13]. Halpern [7] has already noted 
that highly trained rats continue licking a familiar liquid for 
many sec without pause. The interlick interval reported by 
him is quite similar to that obtained in our present study. He 
also showed that pauses appeared within a few licks to pre- 
sentation of a novel taste stimulus which the rats contacted 
for the first time. In the present study, however, every solu- 
tion was not novel; each solution was introduced several 
times prior to recording of licking and/or EMG activity. 
Therefore, the pauses shown in this study for 0.03 M HCl 
and 0.3 M NaCl may reflect a kind of rejection behavior 
rather than a behavior relating to neophobia. 

Previous papers [2, 3, 6, 12, 19, 23] revealed that rhythmic 
tongue and jaw movements were recognized even in decere- 
brate animals, and they suggested the existence of some 
pacemaker (rhythmic center or pattern generator) in the 
brain stem, although the anatomical substrate responsible for 
such pacemaker has not been well elucidated yet. The mas- 
ticatory EMG activities persisted in the similar rhythm even 
during the pause between rhythmic lickings to 0.03 M HCl or 
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FIG. 6. Summated EMG activities of the temporalis (Temp.), masseter (Mass.) and the anterior belly of the digastric (Dig.) 
muscles during licking of 0.5 M sucrose, 0.03 M HCI and 0.3 M NaCl. Each record was obtained after averaging 50 times. 
The EMG activity was triggered by the rising phase of an electric pulse which was generated at the moment of photo beam 
disruption by the extended rat’s tongue. This trigger point, indicated by a vertical dashed line, is set at the center of each 


record. 


0.3 M NaCl and after cessation of severai licks to quinine 
solution. This fact implies that the pattern generator contin- 
ued to be active with the similar rhythm after cessation of 
licking. Wiesenfeld et al. [20] also reported that the hypo- 
glossal neural activity continued after cessation of licking. 
Since licking is not a rigid behavior, but considerably flexible 
depending on the environmental constraints [13] as well as 
the nature of liquid [1,21], the pattern generator may be able 
to work at different rhythms. In this sense, the same pattern 
generator might be responsible for rhythmic (5 Hz) chewing 
movements, although the motor outputs differ markedly ac- 
cording to the purpose of movements. 

The pattern of EMG activity during licking behavior 
could be characterized by a hedonic aspect (acceptance- 
rejection dimension) of the liquids rather than the quality of 
taste per se (whether a taste is sugar, salt, acid, etc.), that is, 
the pattern was grouped into three types depending on 
whether the taste is palatable, unpalatable or intermediate. 
Among the stimuli used in the present experiment, water, 0.1 
M NaCl and 0.5 M sucrose belonged to the palatable stimuli. 
The animals showed a continuous rhythmic licking during 
the course of stimulus presentation time (20 sec). Quinine 


(Sx 10-* M) and 0.3 M CaCl, which belonged to the unpalat- 
able stimuli induced a characteristic EMG pattern relating to 
the aversive behaviors previously reported by Grill and Nor- 
gren [5]. The present study revealed the strong activation of 
the jaw closers as well as the strong activation of the jaw 
opener during gaping, which means that a strong jaw closure 
occurred in addition to the wide jaw opening during this 
particular mouth movement. Besides this gaping, EMG re- 
cordings revealed a brisk rhythmic activity predominantly in 
the jaw closers. The similar strong jaw closing EMG was 
shown during the interruption of rhythmic licking for 0.03 M 
HCI and 0.3 M NaCl (intermediate stimuli), however, neither 
gaping nor systemic body actions were induced by these 
stimuli. The strong jaw closer activity may be actively re- 
lated to rejection behavior to the aversive taste stimuli. 
There is a possibility that this behavior involves a rapid ex- 
pulsion of saliva from the salivary gland into the oral cavity, 
because not only taste stimuli [9, 24, 25] but also strong 
sensory stimuli [8,10] applied to the oral tissues induce a 
copious reflex salivary secretion. 

Previous studies using decerebrate rats [6,23] and rabbits 
[9] have suggested that taste inputs are processed based on a 
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FIG. 7. EMG activities during chewing. A: EMG activities of the temporalis (Temp.), masseter (Mass.) and the 
anterior belly of the digastric (Dig.) muscles during chewing of rat food (dried pellets). Calibrations are 1 sec and 
200 nV. B: Summated EMG activities of the three masticatory muscles shown in A. Each record was obtained 
after averaging 50 times. The EMG activity was triggered by a rising phase of the digastric activity (a dashed line 
set at the center of records). Calibration is 100 msec. C: Interburst interval distribution based on 100 digastric 


EMG intervals in 1 msec bins. 


hedonic dimension to lead appropriate somatic and au- 
tonomic responses at the caudal brain stem level. These 
studies also indicated that the pattern generator responsible 
for rhythmic jaw-tongue movements could be properly ac- 
tivated only by peripheral inputs. On the other hand, in the 
present experimental situation, the rats deprived of water 
were drived to access to the drinking tube in the test box, 
which means that the rhythmic jaw-tongue movements oc- 
curred by volition. If the solution is acceptable for rats, the 
jaw-tongue movements continue with the same rhythm to in- 


gest the solution continuously. If the solution is moderately 
or highly unpalatable, the volitionally occurring rhythmic 
lickings are intermittently interrupted or completely inhib- 
ited, respectively. In other words, taste information of un- 
palatable solutions has strong depressive effects on normal 
cyclic jaw and tongue movements, and even alters them to 
an aversive response behavior partially related to removal of 
fluid from the oral cavity. There is a possibility that such 
taste-elicited modification and alteration of the jaw-tongue 
behavior are processed at the brain stem level. 
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CHAMBERS, K. C. Failure of ACTH to prolong extinction of a conditioned taste aversion in the absence of the testes. 
PHYSIOL. BEHAV. 295) 915-919, 1982.—Both corticotropin (ACTH) and testosterone prolong the extinction of a 
conditioned taste aversion in water-deprived intact male rats. An investigation was made to determine whether ACTH 
affects extinction in the absence of the testes and also to determine the effect of ACTH on serum testosterone levels. 
Water-deprived intact males showed prolonged extinction after ACTH injections; water-deprived gonadectomized males 
and intact females did not. All three of these groups showed elevated testosterone levels after ACTH administration, but 
testosterone levels were higher in the intact males than in the gonadectomized males or intact females. These results clearly 
show that in the absence of the testes ACTH is unable to prolong extinction. It is proposed that the increased level of 
testosterone following ACTH injection in water-deprived intact males is responsible for the prolonged extinction of a 
conditioned taste aversion. Although testosterone levels may increase in females and castrated males following ACTH 
injection, the increase is not sufficient to prolong extinction in these water-deprived animals. 
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HOW long it takes a male rat to extinguish a conditioned 
taste aversion depends on the degree of water deprivation 
and the degree of familiarity with the food. Male rats de- 
prived of water show a faster rate of extinction than those on 
ad lib food and water [1,13]. Male rats given one preexposure 
to a conditioned substance show a faster rate of extinction 
than those given no prior exposure [4]. The rate of extinction 
of water-deprived males and non-deprived males given a 
familiar conditioned substance can be decreased by adminis- 
tration of either additional testosterone [4,13] or corticotro- 
pin (ACTH) [7,11]. Both of these hormones prolong extinc- 
tion by acting on the extinction process rather than the ac- 
quisition process of a conditioned taste aversion [2,7]. 
Neither testosterone nor ACTH influences the acquisition of 
a conditioned taste aversion, but the presence of either hor- 
mone during extinction trials decreases the rate of extinc- 
tion. 

Because of the similarity in the effects of testosterone and 
ACTH on the extinction of a conditioned taste aversion, it 
seems possible that the actions of these two hormones are 
interdependent. The following experiments were designed to 
determine whether ACTH can prolong extinction independ- 
ently of the testes and to determine the effect of ACTH on 
serum testosterone levels measured at the time of the 
postinjection extinction tests. 


EXPERIMENT | 


METHOD 
Forty adult (about 70 days old) Sprague-Dawley-derived 


male rats were assigned in equal numbers to two groups: (a) 
intact and castrated males given ACTH in saline by injection 
and (b) intact and castrated males given saline vehicle by 
injection. Castrations and sham castrations were performed 
on animals under sodium pentobarbitol anesthesia (48 mg/kg 
of body weight, intraperitoneally). The rats were given ad lib 
access to food and water and were housed in group cages 
until the experiment. 

Four weeks after the operations, the rats were moved 
from colony cages into single cages and water was removed 
from their cages | hour after the start of the dark phase of the 
light:dark cycle. The next day and continuing for 6 days, all 
animals were given access to cylinders of cold tap water for | 
hour at the beginning of the dark phase. Eight days after the 
rats had been put into individual cages, they were given ac- 
cess simultaneously to a cylinder containing a 10% sucrose 
solution (wt/vol) and a cylinder containing cold water. After 
1 hour, the cylinders were removed and the amount of su- 
crose and water consumed was recorded. One minute after 
sucrose removal, each animal was given a single injection 
intraperitoneally of a 0.30 M LiCl solution (20 ml/kg of body 
weight). This step ended the acquisition phase of the experi- 
ment. The following day the extinction phase was begun. 
The rats subcutaneously received 8.0 1U of ACTH dissolved 
in 1.0 ml of saline (Acthar, Armour Pharmaceutical Com- 
pany) or 1.0 ml of saline. Injections were given 15 min before 
testing on day | of extinction and daily thereafter. Each 
animal then was given daily access to a 10% sucrose solution 
and water for | hour, and the amount of sucrose and water 
consumed was recorded. The percent sucrose consumption 
(the amount of sucrose solution consumed divided by the 
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amount of sucrose solution plus the amount of water con- 
sumed multiplied by 100) was calculated for each animal. All 
animals were given seven extinction trials. 


RESULTS 


ACTH prolonged extinction only when the testes were 
present. The acquisition data were analyzed with a single- 
factor analysis of variance (ANOVA). The percent sucrose 
consumption of the four groups did not differ on the day of 
acquisition, F(3,36)=1.24. The extinction data were 
analyzed with a two-factor (groups by time) ANOVA with 
repeated measures on time. Percent sucrose consumption 
increased over the seven extinction trials, F(6,216)=47.14, 
p<0.01. The rate of increase in percent sucrose consumption 
during extinction was not the same for all groups 
F(18,216)=3.02, p<0.01 (Fig. 1). The rate of the intact males 
given ACTH was lower than the rates of the other three 
groups, which did not differ from one another. The intact 
males given saline had a greater rate of increase than the 
intact males given ACTH, F(6,108)=7.59, p<0.01, while the 
castrated males given saline and the castrated males given 
ACTH did not differ, F(6,108)=0.29. The castrated males 
given ACTH had a greater rate of increase than the intact 
males given ACTH, F(6,108)=5.35, p<0.01, but the intact 
and castrated males given saline did not differ, 
F(6,108)=0. 14. 


EXPERIMENT 2 


The data from Experiment | clearly demonstrated that 
ACTH prolongs extinction in water-deprived males only in 
the presence of the testes. This result suggests that ACTH 
would have no effect on the extinction rate of water-deprived 
females. Experiment 2 was designed to test this suggestion, 
and in addition to determine the effects of long acting ACTH 
on the extinction rate of intact and gonadectomized males. In 
Experiment 1, only short-acting ACTH was used. Since 
short-acting and long-acting ACTH have similar effects in 
stallions [3], I expected long-acting ACTH to produce similar 
effects on extinction rate of intact and gonadectomized 
males as the short-acting ACTH. 


METHOD 


Forty-eight adult (about 70 days old) Sprague-Dawley- 
derived rats were assigned in equal numbers to six groups. 
Groups |, 2, and 3 consisted of intact males, castrated males, 
and intact females given ACTH in gel; groups 4, 5, and 6 
consisted of intact males, castrated males, and intact females 
given gel vehicle. Castrations and sham castrations were per- 
formed on rats under sodium pentobarbitol anesthesia (48 
mg/kg of body weight, intraperitoneally). The females did 
not undergo any surgical manipulations. 

The procedure was identical to that of Experiment | with 
the following exceptions. The rats subcutaneously received 
8.0 IU of ACTH dissolved in 0.1 ml of gel (Acthar Gel, 
Armour Pharmaceutical Company) or 0.1 ml of gel (Cal- 
cimar® diluent, Armour Pharmaceutical Company). Injec- 
tions were given daily 45 min prior to testing, beginning on 
day | of extinction. Sucrose preference scores were calcu- 
lated for each animal. 


RESULTS 


The results show that long-acting ACTH produces the 
same effect on the extinction rates of intact and castrated 


CHAMBERS 


eo ou 
Oo oa 


wm 
=] 


Percent Sucrose Consumption 


O|ntactoh Saline 
@ Intact of ACTH 

O Gonadx & Saline 
@ Gonadx of ACTH 








ES E6 


Days 


FIG. 1. The percent sucrose consumption (the amount of sucrose 
solution consumed divided by the amount of sucrose solution plus 
the amount of water consumed multiplied by 100) of saline-injected 
and ACTH-injected intact and gonadectomized (Gonadx) male rats 
during acquisition (A) and extinction (E1-E7). 


water-deprived males as does short-acting ACTH, and that 
long-acting ACTH does not prolong extinction in intact 
water-deprived females. One rat (an intact male given gel) 
died before the end of the experiment, so the analyses were 
based on 47 animals. A single-factor ANOVA was used to 
analyze the acquisition data of the males. The percent su- 
crose consumption of the four groups of males did not differ 
on the day of acquisition, F(3,27)=1.61. A two-factor 
(groups by time) ANOVA with repeated measures on time 
was used to analyze the extinction data of the males. The 
results were identical to those in Experiment |. The males 
showed an increase in the percent sucrose consumption over 
the seven extinction trials, F(6,246)=105.72, p<0.05. The 
percent sucrose consumption for all four groups was not the 
same, F(18,162)=1.71, p<0.05 (Fig. 2). The intact males 
given gel showed a greater rate of increase in the percent 
sucrose consumption than the intact males given ACTH 
F(6,78)=3.66, p<0.01, while the castrated males given gel 
and those given ACTH showed the same rate of increase in 
the percent sucrose consumed F(6,84)=0.91. The castrated 
males given ACTH showed a greater rate of increase in the 
percent sucrose consumption than did the intact males given 
ACTH, F(6,84)=2.71, p<0.05, but the intact males and cas- 
trated males given gel did not differ, F(6,78)=1.71. 

The percent sucrose consumption values of the gel- 
injected and ACTH-injected females did not differ on the day 
of acquisition, #(14)=0.74. The two groups of females 





ACTH, TESTES, CONDITIONED TASTE AVERSION 


90 


80 


a> 
ao 


uw 
oa 


WN 
S 


Percent Sucrose Consumption 


O Intacto” Gel 

@ |ntact o% ACTH 
O Gonadic% Gel 
@ Gonadxo” ACTH 
A Intact 2 Gel 

A |ntact 2 ACTH 








Days 


FIG. 2. The percent sucrose consumption (the amount of sucrose 
solution consumed divided by the amount of sucrose solution plus 
the amount of water consumed multiplied by 100) of gel-injected and 
ACTH-injected intact and gonadectomized (Gonadx) male rats and 
intact female rats during acquisition (A) and extinction (E1-E7). 


showed an increase in the percent sucrose consumption over 
the seven extinction trials, F(6,84)=41.14, p<0.01. How- 
ever, they showed no difference in the percent sucrose con- 
sumed, F(1,14)=1.02, or in the rate of increase in the percent 
sucrose consumed, F(6,84)=0.60. 

It has been shown previously that when rats are water 
deprived, males and females consume the same amount of 
sucrose on the day of acquisition of a conditioned taste 
aversion and extinguish at the same rate [1,13]. Comparisons 
were made to determine whether these same results were 
obtained in this experiment. The males and females con- 
sumed the same percentages of sucrose on the day of acqui- 
sition, F(5,41)=1.13. They did differ, however, in the per- 
cent sucrose consumption during extinction, F(5,41)=2.96, 
p<0.05. Intact males given ACTH consumed a smaller per- 
centage of sucrose than females’ given ACTH, 
F(1,14)=12.06, p<0.01, and those given gel, F(1,14)=11.98, 
p<0.01. For this variable, the ACTH-injected and the gel- 
injected females were similar to the other male groups. 


EXPERIMENT 3 


The results from Experiments | and 2 demonstrating that 
ACTH is ineffective in the absence of the testes combined 
with previous reports that testosterone can decrease the ex- 
tinction rate of water-deprived intact male rats [13] suggest 
that ACTH prolongs extinction by increasing testosterone 
levels. The effects of ACTH on testosterone levels in periph- 
eral venous blood are unclear. The effects reported vary with 
the amount of time after ACTH administration that blood is 
sampled. For example, testosterone levels are elevated 20 
min after ACTH injection in male rabbits but not after 60 to 
120 min [5]. Verjans and Eik-Nes [14] found no increase in 
testosterone levels 20 hours after ACTH injection in rats, but 
tests of extinction of a conditioned food aversion are charac- 
teristically given 15 to 60 min after ACTH injection ([{7,11]; 
Experiments | and 2). It may be that testosterone levels are 
elevated 15 to 60 min, but not 24 hours, after injection. Ex- 
periment 3 was designed to determine the effects of ACTH 
on testosterone levels in peripheral serum of intact and cas- 
trated males and intact females 45 min after injection. 


METHOD 


The rats were the same as those used in Experiment 2. 
They continued to receive ACTH-in-gel or gel injections for 
5 days after the last extinction trial of Experiment 2. All 
conditions remained the same, and water was available to 
the animals for | hour each day. On days 3 and 5, blood was 
collected from each rat 45 min after the ACTH or gel injec- 
tions. Each animal was placed under light ether anesthesia 
near the end of the light phase of the day:night cycle, and 
blood (2.0 ml) was drawn from the jugular vein. Blood col- 
lection was completed within 3 min from the time that the rat 
was first removed from its cage. The blood was allowed to 
clot at 4°C; then it was centrifuged at 5,000 rpm (4,000 x g) 
for 20 min at 4°C. The serum was removed and stored in 
0.5-ml aliquots at — 20°C until assayed. Testosterone concen- 
trations were estimated by radioimmunoassay in 0.01 mi of 
serum after chromatographic purification on LH-20 
Sephadex columns [8, 9, 10]. Procedural losses and other 
assay characteristics for each assay were as follows: percent 
recovery, 68.35+2.00; blank, 4.10 pg+1.24; intrassay coef- 
ficient of variation, 9.5%; and interassay coefficient of varia- 
tion, 18.1%. Quantities calculated from standard curves were 
corrected for procedural losses and blank values. 


RESULTS 


Testosterone levels in intact males, gonadectomized 
males, and intact females 45 min after an ACTH injection 
were significantly higher than in the comparable control 
groups given gel. The mean serum testosterone levels for the 
two collections was computed for each animal. These data 
were analyzed with a Kruskal-Wallis one-way ANOVA. 
Serum levels of testosterone differed among groups, 
H(5)= 188.6, p<0.001 (Fig. 3). Mann-Whitney U analyses 
indicated that the gel-injected intact males, gonadectomized 
males, and intact females had significantly lower levels of 
testosterone than the ACTH-injected intact males, 
U(7,8)=13, p=0.047, gonadectomized males, U(8,8)=4, 
p=0.001, and intact females, U(8,8)=3.5, p=0.001, respec- 
tively. 

Both the gel- and ACTH-injected intact males had higher 
testosterone levels than the two groups of females and the 
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FIG. 3. The mean (+SE) testosterone levels (pg/ml) of intact male, 
gonadectomized (Gonadx) male, and intact female rats 45 min after 
injections of gel or ACTH. 


two groups of gonadectomized males, U=0, p<0.01 in each 
case. The gel-injected females had higher levels of testos- 


terone than the gel-injected gonadectomized males, U(8,8)=8, 
p<0.01; the ACTH-injected females had higher levels of tes- 
tosterone than the ACTH-injected gonadectomized males, 
U(8,8)=0, p<0.01. 


GENERAL DISCUSSION 


ACTH can prolong the extinction of intact water- 
deprived males [11], but it is ineffective in slowing the ex- 
tinction rate of water-deprived castrated males or intact 
females. Therefore, ACTH requires the presence of the 
testes to produce a slow extinction rate. 

Serum testosterone levels are elevated in intact and 
gonadectomized males and intact females 45 min after 
ACTH injections. And yet extinction is prolonged after 
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ACTH injections only in intact males. Testosterone levels 
are considerably higher in ACTH- and vehicle-injected intact 
males than in gonadectomized males and intact females in- 
jected with ACTH or vehicle. Thus it appears that the de- 
crease in the extinction rate after ACTH injections in intact 
males is associated with an increase in testosterone to some 
critical threshold level not obtained in castrated males or 
females. 

The source of the ACTH-induced increase in testosterone 
levels in intact male, gonadectomized male, and intact 
female rats is unclear. The testes appear to contribute signif- 
icantly to the ACTH-induced increase in testosterone levels 
in intact male pigs [6] and stallions [3]. In intact male and 
female rats, ACTH directly stimulates the production of tes- 
tosterone in the adrenal glands [15]. Whether ACTH can also 
stimulate, either directly or indirectly (via adrenal corticos- 
teroids), the production of testosterone in the testes remains 
to be demonstrated. 

The effects of ACTH on blood levels of testosterone ap- 
pear to be complex. There is an increase in testosterone 
levels within | hour after a single ACTH injection in intact 
male rabbits [5], intact male pigs [6], and stallions [3]. Tes- 
tosterone levels return to pre-ACTH levels in these animals | 
to 2 hours after ACTH injections in rabbits, pigs, and 
stallions. That intact male rats show elevated blood levels of 
testosterone 45 min after 10 to 12 daily injections of ACTH 
(Experiment 3) suggests long-term ACTH administration, as 
well as short-term ACTH administration, can cause an in- 
crease in testosterone. Testosterone levels are depressed 6 
to 12 hours after three to five daily injections of ACTH in 
prepuberal rats [12] and stallions [3]. Thus, ACTH can cause 
both an increase and a decrease in testosterone levels. Al- 
though other factors may be involved, the amount of time 
between ACTH injection and testosterone measurement 
may account for this dual effect. 
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RAMIREZ, I. AND M. I. FRIEDMAN. Glycerol is not a physiologic signal in the control of food intaké in rats. PHYSIOL. 
BEHAV. 29(5) 921-925, 1982.—Rats were given two daily subcutaneous injections of either 40, 80 or 160 mg/kg of glycerol 
or control injections of glucose. Glycerol injections did not reliably affect body weight gain at any dose tested whether 
animals were maintained in constant light or a 12 hr light/dark cycle. Only injections of 160 mg/kg of glycerol given twice 
daily significantly reduced daily food intake; however, this dose also raised plasma glycerol concentrations briefly to an 
unphysiologic level. Continuous intravenous infusions of 390 or 780 mg/rat/day of glycerol had no effect on food intake, 
even though plasma glycerol levels increased markedly within the normal range. These findings indicate that reductions of 
food intake and body weight after administration of glycerol are probably responses to a treatment which is not physiologic. 
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STUDIES showing that administration of glycerol reduces 
food intake and body weight have led to the suggestion that 
endogenous changes in glycerol concentration may influence 
food intake and body weight. However, examination of the 
literature indicates that the depressant effects of glycerol on 
food intake and body weight are unreliable and difficult to 
interpret. Feeding rats diets containing glycerol has been 
reported to decrease food intake and body weight in some 
experiments [6, 11, 14] but not in others [1, 2, 12, 14]. In 
addition, it is not clear whether the effects on food intake are 
due to changes in diet palatability. 

Direct administration of glycerol by gastric intubation has 
also produced mixed results [3, 4, 9]. In some experiments, 
glycerol reduced food intake more than accounted for by the 
caloric value of the glycerol [4,9] while in other experiments 
it did not [3, 4, 9]. The decrement in eating after intubation of 
glycerol appears to be dependent on the time of day it is 
given [9]. 

Decreased food intake and body weight following sub- 
cutaneous injections or intravenous infusions of glycerol has 
been reported in a number of studies [4, 9, 16, 21]. However, 
some studies suggest that large doses of glycerol are required 
[9,16] while others suggest that small doses of glycerol may 
decrease body weight and food intake more than accounted 
for by the calories in the glycerol. Subcutaneous injection 
of relatively large amounts of glycerol (1.5 g/kg or more) 
decreased food intake more than did equicaloric glucose in 
hungry rats [16], whereas smaller doses were ineffective. 
Glick [9] found that continuous infusion of 0.9-1 g/rat/day of 
glycerol reduced food intake but noted large variability in the 
response. On the other hand, Booth [4] has reported that 
injection of as little as 50 mg of glycerol decreased food 
intake after mild food deprivation, although other substrates, 


including glucose, fructose and ethanol were also effective 
[4]. Subcutaneous infusion of 160 mg/kg/day of glycerol also 
has been reported [11] to decrease food intake in rats more 
than approximately 100 mg/kg/day of glucose; however, this 
comparison may be inappropriate because body weights of 
the rats given glucose were lower than those given glycerol. 
Perhaps the most compelling evidence for a special role of 
glycerol in the control of body weight are the findings by 
Wirtshafter and Davis [21] who reported that subcutaneous 
injections of 40 mg/kg given twice daily resulted in a marked 
weight loss compared to glucose injected rats. 

Because plasma concentrations of glycerol were not 
monitored following injections or infusions of glycerol in the 
experiments described above, these studies provide only in- 
direct evidence for a role of circulating glycerol in the control 
of food intake. Thus, in the experiments described below we 
examined the effects of subcutaneous injection of different 
doses of glycerol on food intake, body weight and plasma 
glycerol levels in order to determine whether changes in in- 
take and body weight after such treatment are related to 
alterations in circulating glycerol. In addition, we based our 
protocols on the methods used by Wirtshafter and Davis [21] 
because their procedures have produced the most dramatic 
effects for the amount of glycerol given and because their 
experiments have not yet been replicated by another labora- 
tory. Finally, in order to assess the effects of a chronic ele- 
vation of plasma glycerol concentrations, the effects of con- 
tinuous, intravenous infusions of glycerol were studied. 


EXPERIMENT | 


In the first experiment, the effects of a subcutaneous dose 
of glycerol on food intake and body weight were examined. 
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TABLE 1 


EFFECTS OF SUBCUTANEOUS INJECTIONS OF DEXTROSE (D) OR 
GLYCEROL (G) GIVEN TWICE DAILY FOR FOUR DAYS ON BODY 
WEIGHT GAIN AND FOOD INTAKE 





Total 
Initial Body Weight Gain 
Weight (g) (g) 


Food Intake 


Daily Dose 
(g/day) 


(mg/kg) N 





2x 40D 344 
2x 40G 344 


2x 80D 387 
2x 80G 381 


2x 160 D 379 
2x 160 G 377 





Values shown are mean + s.e.m. Food intake values are 


for 4 days. 
*p<0.05, compared to dextrose control. 


Three doses of glycerol were used in three different groups 
of rats and the effects of glycerol injection on plasma 
glycerol concentrations were studied at the lowest and high- 
est dose. 


METHOD 
Subjects 


Forty-nine male CD rats (Charles River) were used; initial 
body weights are given in Table 1. Rats were maintained ona 
12/12 hr light/dark cycle and room temperature was main- 
tained at approximately 22°C. Purina Laboratory Chow and 
tap water were available ad lib. 


Procedure 


Rats in three separate groups were given subcutaneous 
injections of glycerol or glucose in distilled water twice a day 
at the beginning and end of the light period for 4 consecutive 
days. Rats in each group were given either 40, 80 or 160 
mg/kg of glycerol or glucose (40 mg/ml) per injection. Body 
weights were measured daily immediately before injection. 
Food intakes were measured daily only in rats receiving the 
two highest doses. 

One week after injections were terminated, rats that were 
tested previously with 40 or 160 mg/kg doses were reassigned 
randomly to glycerol or glucose groups and reinjected once 
during the light period. Tail blood samples (120 pul) were 
taken 15, 30, 45 and 90 min after injection of 40 mg/kg and 30, 
60 and 120 min after injection of 160 mg/kg. Plasma samples 
obtained after centrifugation were stored at —17°C until as- 
sayed enzymatically for glycerol by a previously described 
fluorometric method [17,18]. 

Results from this and subsequent experiments were 
analyzed using Student t-tests and analysis of variance. 


RESULTS 


The effects of glycerol injections on food intake and body 
weight gain are shown in Table 1. Compared to glucose in- 
jected controls, rats injected twice daily with 40 or 80 mg/kg 
of glycerol showed no change in weight gain during the four 
days of treatment. In rats given the 80 mg/kg dose, food 
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FIG. 1. Plasma glycerol concentrations following subcutaneous in- 
jections of 40 mg/kg (left) or 160 mg/kg (right) of glycerol (dotted 
line) or glucose (solid line). Values shown are means+s.e.m. 
***y<0.001. 


intake did not differ from control levels either over the four 
days of treatment (as shown) or on any individual day. In- 
jections of 160 mg/kg of glycerol decreased food intake by 
7%, t(14)=2.5, p<0.05. There was a tendency for rats given 
this high dose of glycerol to gain less weight than glucose 
injected controls, however, this difference was not statisti- 
cally reliable by conventional criteria, t(14)=1.8, p>0.0S. 
Analysis of variance did not reveal significant days by treat- 
ment interactions (p >0.2) except for weight gain at the 2x80 
mg/kg/day dose. In this case, glycerol treated rats gained 
more weight than dextrose treated rats (3.9 vs 2.2 g/day) for 
the first two days while on the third and fourth days glycerol 
treated rats gained less weight (2.0 vs 4.1 g/day, F(3,42)=3.6, 
p<0.025). 

Figure | shows the effects of glycerol injection on plasma 
glycerol concentrations. As shown on the left, a single injec- 
tion of 40 mg/kg of glycerol produced a reliable increase in 
plasma glycerol which lasted for 30 min and then returned to 
control levels by 45 min post-injection. An injection of 160 
mg/kg of glycerol (shown on the right) resulted in a four-fold 
increase in plasma glycerol levels compared to controls 30 
min after injection. Glycerol concentrations declined mark- 
edly, but were still significantly elevated by 60 min post- 
injection and then returned to control levels one hour later. 


EXPERIMENT 2 


The experiment described above failed to confirm the 
finding of Wirtshafter and Davis [21] that twice daily injec- 
tions of 40 mg/kg of glycerol produced a marked decrease in 
body weight gain. However, the procedures we employed 
differed from those used by Wirtshafter and Davis [21] in at 
least two potentially important respects. First, the rats used 
in our experiment weighed considerably less than those used 
in the earlier study (344 g vs 417 g). If circulating glycerol 
levels provide a signal reflecting adiposity as previously 
suggested, then glycerol might be more effective in heavier 
rats. Second, rats studied by Wirtshafter and Davis [21] were 
maintained in constant light, whereas our animals were kept 
on a 12 hr light/dark cycle. Previous findings [9] have indi- 
cated that the effects of gastric intubation of glycerol on food 
intake may be dependent on the light cycle under which rats 
are maintained. Therefore, in this second experiment, the 
effects of injection of glycerol on body weight gain was 
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FIG. 2. Body weight gain of rats treated with glycerol (dotted line) or 
glucose (solid line). Doses shown at top were given twice daily for 
three days. Values shown are means of nine rats in each group. 


studied using 401 g rats which were maintained in constant 
light. 
METHOD 
Subjects 
Eighteen male Sprague-Dawley rats (Charles River CD’s) 
weighing 401+8 (SEM) g at the start of the experiment were 
used. Rats were kept in a constant light environment for one 


month before the experiment began. Purina Laboratory 
Chow and tap water were available ad lib. 


Procedure 


Rats were divided into two groups so as to match them for 
body weight. Animals were then injected subcutaneously be- 
tween the scapulae [21] with glycerol or glucose twice daily 
at 9 a.m. and 9 p.m. for nine days starting at a dose of 40 
mg/kg, and then 6 days later increased to 160 mg/kg (40 
mg/ml). Body weights were measured daily prior to the 9 
p.m. injection. 


RESULTS 


Figure 2 shows the effects of glycerol injections on weight 
gain. Compared to injections of glucose, glycerol had no 
statistically reliable effect over the entire injection period or 
one any individual day. Analysis of variance did not reveal 
significant days by treatment interaction (p >0.2). When the 
data for the 80 mg/kg dose are separated out arbitrarily, a 
small reduction in weight gain in rats given glycerol ap- 
peared, 1(16)=2.2, p<0.05. 


EXPERIMENT 3 


In Experiment 1, we found that subcutaneous injection of 
glycerol produced only a transient increase in plasma 
glycerol levels. In order to produce a chronic and more phys- 
iological elevation of plasma glycerol levels, rats in this final 
experiment were given continuous intravenous infusions of 
glycerol. 


METHOD 
Subjects 
Forty-three male Sprague-Dawley (Charles River CD’s) 
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FIG. 3. Effects of continuous intravenous infusions of saline, 
glycerol or glucose on daily food intake. Rats were infused for one 
day with 0.9% saline (C), followed by a test infusion (T) with either 
5% or 10% glycerol or glucose. The rate of infusion was 7.8 ml/day. 
Values shown are means+s.e.m. 


were used. Rat weighed 334+16 (SD) g at the time of 
surgery. Animals were maintained on a 12 hr light/dark cycle 
and given Purina Laboratory Chow and tap water ad lib. 


Procedure 


Jugular catheters were implanted in rats anesthetized with 
ether by a modification of the method of Steffens [20]. The 
free end of the catheter was anchored to the skin and neck 
musculature rather than the skull. All rats were given at least 
two days to recover from surgery plus at least one day to 
habituate to the cylindrical Plexiglas infusion chambers (42 
cm high, 28 cm diameter). The tubing was connected to a 
watertight swivel and permitted complete freedom of move- 
ment. Tests consisted of one day of infusion of 0.9% saline 
(control) followed by one day of infusion of either 5% or 10% 
glycerol or glucose (7.8 ml/day/rat). Infusions always began 
in the first four hours of light period. Tail blood samples (120 
ul) were taken 23'/2 hours after the start of the saline infu- 
sion and 23'/2 hours after the start of the test infusion. 
Plasma was assayed for glycerol as described above. Rats 
were retested 2—S days later whenever the catheters were 
still intact and the rats healthy. Food intake was measured 
during control and test days. 


RESULTS 


As shown in Fig. 3, continuous intravenous infusion of 
glycerol or glucose had no effect on daily food intake com- 
pared to control infusions of isotonic saline (5%, 
F(1,20)=0.3; 10%, F(1,19)=2.4, p>0.i¢). Infusions of 5 or 
10% glycerol solutions raised plasma glycerol concentrations 
in a dose-related manner (5%, F(1,20)=12.9; 10%, 
F(1,19)=237, p<0.005; Fig. 4). The magnitude of the in- 
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FIG. 4. Plasma glycerol concentrations following 23'/2 hours of 
intravenous infusions of saline, glycerol or glucose. Rats were in- 
fused for one day with 0.9% saline (C), followed by a test infusion 
(T) with either 5% or 10% glycerol or glucose. The infusion rate was 
7.8 mli/day. Values shown are means+s.e.m. **p<0.01; 
***y <().001, compared to rats receiving glucose. 


crease in glycerol concentrations is consistent with the re- 
sults from Experiment | and with previous estimates of turn- 
over rates [5, 7, 15]. 


GENERAL DISCUSSION 


The findings described above do not support the hypoth- 
esis that changes in circulating glycerol levels provide a 
signal in the control of food intake. As shown in Experiment 
3, raising plasma glycerol concentrations to more than twice 
their normal level by continuous infusion had no reliable 
effect on food intake. In the present experiments, only sub- 
cutaneous injections of the highest dose of glycerol (160 
mg/kg, twice daily) produced a reduction in food intake. 
However, this dose of glycerol increased plasma glycerol 
concentrations transiently to an extremely high level. In- 
deed, the peak level measured after this high dose was simi- 
lar to the maximum concentration we have observed in dia- 
betic rats during marked lipolysis following termination of 
insulin treatment (Ramirez and Friedman, unpublished ob- 
servations). This finding suggests that administration of 
glycerol by a bolus injection in concentrations as low as 160 
mg/kg, and possibly somewhat lower, raises blood glycerol 
beyond the physiologic range. The fact that subcutaneous 
injections of glycerol produced only a transient increase in 
circulating glycerol levels argues against the contention [21] 
that this route of administration maintains a relatively con- 
stant elevation of blood glycerol concentrations. 

Our failure to replicate the finding of Wirtshafter and 
Davis [21] that twice daily injections of 40 mg/kg of glycerol 
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reduces body weight gain is puzzling. We tested animals of 
the same strain, that we maintained in constant light or on a 
12 hr light/dark cycle and that weighed about the same. 
However, no consistent effect of glycerol was observed. It is 
possible that differences in the maintenance diet may ac- 
count for our failure to replicate. Unlike Glick [9], we failed 
to observe a decrease in food intake in rats infused chroni- 
cally with glycerol. This difference may be based on the 
doses used in these two studies; our rats received at most 
approximately 2.2 g/kg/day of glycerol, whereas Glick’s rats 
were given as much as 4 g/kg/day. We chose our glycerol 
dose on the basis of pilot studies showing that at the highest 
load of glycerol used (10%) plasma glycerol levels increased 
markedly but well within the normal range. Extrapolating 
from our results, it would appear that plasma glycerol levels 
in Glick’s experiment may have been increased to the normal 
range for a starved rat [15]. Thus, this discrepancy may be a 
further indication that only relatively large doses of glycerol 
reduce food intake. 

The present results put aside, it is not clear how changes 
in glycerol levels would serve as a signal in the control of 
food intake. Any physiological system which uses glycerol 
levels to meter body adiposity would have to discriminate 
between changes in glycerol levels resulting from excessive 
adiposity versus starvation, alterations in activity of hor- 
mone sensitive lipase versus lipoprotein lipase, changes in 
insulin levels associated with eating and the time of day, and 
other factors which can alter glycerol levels [13,17]. Studies 
of the time course of glycerol’s effect on food intake indicate 
that the most pronounced decrease in eating occurs 6-24 
hour after administration [9,16], well after the glycerol 
should have been absorbed and metabolized [4,17]. It would 
appear, therefore, that a high blood level of glycerol per se 
does not depress food intake, but instead that some 
metabolic consequence of the uptake or utilization of exces- 
sive amounts of glycerol may underlie the decrease in eating 
observed after large doses. 

Several observations indicate that glycerol may act in the 
liver to depress food intake. Intraperitoneal injections of 
glycerol and glucose are more effective in reducing food in- 
take than subcutaneous injections [16]. Infusions of glycerol 
directly into the hepatic-portal vein decrease food intake in 
rabbits [19]. Finally, because glycerol metabolizing enzymes 
in liver are saturable at higher concentrations of glycerol 
than the brain [10], the liver may be the one tissue that would 
be responsive to the large doses of glycerol that reliably 
depress food intake. In conclusion, whereas the reduction of 
food intake observed after glycerol treatment does not ap- 
pear to reflect a physiologic control of eating by changes in 
circulating glycerol, it may reflect a hepatic control of food 
intake sensitive to changes in the utilization of metabolic 
substrate [8]. 
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CLARKSON, D. B., B. M. KING, R. C. HEMMER, G. A. OLSON, A. J. KASTIN AND R. D. OLSON. Naloxone 
decreases consumption of liquid and solid sucrose in vagotomized rats. PHYSIOL. BEHAV. 295) 927-930, 1982.— 
Intraperitoneal injections of the opiate antagonist naloxone decreased food intake in both vagotomized and sham- 
vagotomized rats. Consumption of liquid and solid sucrose, which were used in order to equate baseline intake, was equally 
suppressed in both groups under food-deprivation and appetitively-motivated conditions at all doses of naloxone (1, 2, 4, 
and 8 mg/kg). It is concluded that, in contrast to previous findings, the vagus nerve does not mediate the suppressive effects 


of naloxone on feeding behavior. 


Food intake 


Naloxone Vagus nerve 





CURRENT research has implicated the endogenous opiate 
system in the regulation of consummatory behavior. 
Intrahypothalamic or intraventricular administration of 
opiate peptides has been shown to increase food intake [8,14] 
while many studies have shown that systemic administration 
of the opiate antagonist naloxone suppresses food and fluid 
intake [2, 6, 7, 10, 17]. This suppression of feeding and drink- 
ing by naloxone has been seen under a variety of conditions, 
including deprivation-induced consumption [4, 17, 18, 22], 
consumption induced by acute cellular dehydration or 
glucoprivation [3, 5, 13], and appetitively-motivated con- 
sumption (i.e., consumption of highly palatable substances 
under nondeprived conditions) [10, 16, 17]. Feeding under 
the last condition is particularly sensitive to the suppressive 
effects of naloxone [10]. 

The site of action for naloxone’s effect on consummatory 
behavior is, however, still not clear. A recent focus for this 
site has been the vagus nerve. Jones and Richter [9], in an 
extensive study, postulated that vagal efferents mediate 
naloxone’s effect on ingestion. They demonstrated that food 
intake was suppressed by naloxone in sham-vagotomized 
rats but not in vagotomized animals. The baseline food in- 
take for vagotomized rats, however, was only 40% of the 
baseline consumption for sham-vagotomized rats. The food 
intake of the sham-vagotomized animals after administration 
of naloxone was never suppressed as low as the baseline for 
the vagotomized rats, suggesting that the baseline for the 
vagotomized rats may already have been too low to reflect 
any further suppression by naloxone. Further confounding 
the results was the fact that Jones and Richter measured both 





feeding and drinking in animals that were simultaneously 
deprived of food and water. 

The present study reinvestigated the role of the vagus 
nerve in mediating the effects of naloxone on feeding behav- 
ior in both deprived and appetitively-motivated animals. Su- 
crose was used as the test diet in an attempt to allow equili- 
bration of the basal food intake of vagotomized and sham- 
vagotomized rats. Vagotomized animals generally display 
hypophagia and considerable weight loss when maintained 
on standard lab chow but marked weight gain when switched 
to more palatable diets such as sucrose [20]. Since vagoto- 
mized animals often consume small meals on liquid diets but 
large meals on solid diets when fed ad lib [19-21], the animals 
were tested with both liquid and solid sucrose. 


METHOD 


Animals 


Male albino rats (n=42) were obtained from Simonsen 
Laboratories (Gilroy, CA) and housed individually in a tem- 
perature controlled colony (22-24°C) with a 12-hour light/ 
dark cycle (light onset at 8:00 a.m.). The experimentally 
naive rats were 100 days old and averaged 350 g before 


surgery. 


Vagotomy 


Bilateral subdiaphragmatic vagotomies were performed 
by making a 4-cm midline incision directly inferior to the 
sternum. The stomach was gently retracted posteriorly and 
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the liver laterally to expose the esophagus. The anterior and 
posterior trunks of the vagus were carefully separated from 
the esophagus and severed at a level sufficiently high to 
ensure transection of the celiac and hepatic branches. The 
gastric artery and vein were ligated and cut along with the 
posterior trunk of the vagus. Previous studies have demon- 
strated that severing these vessels produces no long-term 
effect [1]. The esophagus was carefully examined with a 
stereoscopic microscope for any remaining smaller branches 
of the vagus. Care was taken not to damage the esophagus. 
In animals with sham-vagotomies, the vagus nerve was sepa- 
rated and lifted from the esophagus but was not transected. 
Only those vagotomized rats which lost a minimum of 
10% of their preoperative body weight were subsequently 
tested with naloxone. Two rats failed to reach this criterion. 
Completeness of vagotomy in the remaining rats was verified 
by a neutral red test [12] performed at the end of the study. 
Animals were deprived of food for 24 hr before the test. The 
animals were anesthetized and their stomachs exposed, 
opened, and washed with saline warmed to 37°C. White filter 
paper was then held in contact with the mucosal surface of 
the corpus and neutral red (1 ml of a 10% solution) injected 
into the jugular vein. After 15 min, the filter paper was exam- 
ined for evidence of neutral red, which is secreted from the 
corpus only with vagal innervation intact. Data from animals 
with incomplete vagotomies were excluded from analysis. 


Drugs 


Five doses of naloxone (dissolved in a vehicle consisting 
of 0.9% saline made with acetic acid to 0.01 M) were used: 
0.0, 1.0, 2.0, 4.0, and 8.0 mg/kg. Injections were adminis- 
tered intraperitoneally in a volume proportional to weight of 


1.0 ml/kg. The naloxone was generously supplied by Endo 
Labs. 


Procedure 


Testing began 63 days after surgery. Twenty vagotomized 
and 20 sham-vagotomized rats were tested in a 2(surgery) x 
2(deprivation condition) x 2(type of sucrose) x S(dose of 
naloxone) Xx 2(time interval) experimental design. The 
animals within each group were first matched by body 
weight and then assigned to one of two drive conditions: 
food deprived or nondeprived (i.e., appetitively-motivated). 
The nondeprived animals were given Purina rat chow ad lib 
throughout the course of the experiment except during the 
brief test trials. The deprived rats were given 6 g of rat chow 
a day until they reached 85% of their postoperative body 
weight. These animals were weighed daily and given variable 
amounts of food at the end of each test session in order to 
maintain them at 85% (+3%) of their body weight. All rats 
had free access to water throughout the course of the exper- 
iment including the test trials. 

After one week of weight stabilization for the deprived 
rats, half the animals in each condition were adapted to solid 
100% sucrose pellets (Noyes 45 mg) for one hour per day for 
three days while the other half were adapted to a 20% su- 
crose solution. After adaptation, the animals were injected 
with one of the five doses of naloxone every other day in a 
counterbalanced design. Twenty minutes after an injection, 
the animals were allowed free access to the liquid or solid 
sucrose for one hour, with consumption measured at the end 
of each half hour. Rat chow was removed from the cages 
during the test periods. Bottles of the sucrose solution were 
weighed to the nearest 0.1 g; sucrose pellets were counted 
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FIG. 1. Mean 1-hr consumption of liquid and solid sucrose in food- 
deprived or appetitively-motivated (i.e., nondeprived) vagotomized 
and sham-vagotomized rats after 0, 1, 2, 4, or 8 mg/kg naloxone 
(n=8/group). 


and then converted to gram weight. After the animals had 
been tested with all five doses of naloxone, the entire proce- 
dure including adaptation was then repeated with the other 
form of sucrose. 


RESULTS 


The neutral red test indicated that one rat had an incom- 
plete vagotomy. As a consequence, one animal from each of 
the other groups was randomly eliminated in order to 
facilitate the statistical analysis, leaving a total of 16 per 
group. The vagal transections resulted in a marked loss of 
body weight in the first few weeks after surgery. Although all 
the vagotomized animals displayed subsequent weight gain 
up to a minimum of 88% of their preoperative weight by Day 
63, they weighed less than the sham-vagotomized rats at the 
start of testing (mean=404.0 g vs 480.3 g, respectively). 

The mean consumption of liquid and solid sucrose by 
each group is presented in Fig. 1. A mixed analysis of vari- 
ance (surgery by motivational condition by food type by 
dose by time interval) revealed that the main effect for dose 
of naloxone was highly significant, F(4,112)=19.548, 
p<0.001, with all doses of naloxone decreasing consumption 
relative to the control condition but with none of the 
naloxone doses differing from each other. The main effect 
for surgery, however, was not significant, F(1,28)=0.906, 
p<0.90, indicating no difference between the vagotomized 
and sham-vagotomized rats in their ingestion of sucrose. 
Liquid sucrose was consumed in greater quantity than solid 
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sucrose, F(1,28)=316.036, p<0.001, and there was a signifi- 
cant surgery by food type interaction, F(1,28)=5,105, 
p<0.05. The F test for simple effects showed that vagoto- 
mized rats drank more liquid and ate less solid food than 
sham rats, suggesting that surgery had an effect on ingestion 
independent of any action by naloxone. 

The main effect for motivational condition was highly 
significant, F(1,28)=21.655, p<0.001, with the deprived rats 
ingesting more than the nondeprived ones. In addition, con- 
sumption during the first 30 min interval was significantly 
greater than in the second 30 min interval, F(1,28)=283.300, 
p<0.001, and all interactions involving time were reliable. 
Intake of the liquid diet was significantly greater than intake 
of the calorically denser solid diet during the first 30 min 
interval with no difference during the second interval. Simi- 
larly, deprived rats consumed a greater quantity of food than 
nondeprived rats during the first 30 min with no difference 
during the second 30 min. 


DISCUSSION 


The results of this experiment are consistent with previ- 
ous studies in that naloxone at doses of 1-8 mg/kg produced 
a significant suppression of intake of solid and liquid food 
under both deprived and nondeprived conditions. The major 
finding of the experiment was the lack of an effect for vagot- 
omy on food intake after naloxone administration. The sup- 
pressive effect was observed for both groups with all doses 
of naloxone, with no significant difference between groups at 
any dose. This is in contrast to the results reported by Jones 
and Richter [9], who found that food intake of vagotomized 
rats was not suppressed by 1-10 mg/kg of naloxone. The 
difference in results between the two studies is probably due 
to the difference in baseline food intake of the vagotomized 
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animals. Using standard lab chow, Jones and Richter re- 
ported that the baseline food intake of sham-vagotomized 
rats was 150% greater than that found for vagotomized 
animals which had been maintained on a palatable liquid diet 
postoperatively until only a few days before testing. Al- 
though naloxone suppressed feeding in sham-operated 
animals, their food intake remained greater than baseline 
consumption of vagotomized rats at all doses. In the present 
study, the baseline food intakes of the two groups were suc- 
cessfully equilibrated by a longer period of postoperative 
recovery and the use of sucrose as the test diet. In addition, 
the rats in the present experiment were deprived only of 
food, whereas the animals in Jones and Richter’s experiment 
were simultaneously deprived of both food and water. The 
additional water deprivation may have confounded the re- 
sults for food intake, particularly in vagotomized animals 
which are hypodipsic compared to normal animals [11]. Our 
results are congruent with those of Morley, ef a/. [15] who 
reported while this manuscript was in preparation that ad- 
ministration of naloxone resulted in normal suppression of 
feeding (Purina chow) in food-deprived vagotomized rats 
given water ad lib. 

The site of action of naloxone in suppressing food intake 
is still not clear. The results of the present experiment, how- 
ever, enable us to conclude that the vagus nerve is not es- 
sential for naloxone’s effect on feeding behavior. 
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intake in food restricted rats: Effects of an unexpected meal. PHYSIOL. BEHAV. 29(5) 931-937, 1982.—Rats subjected to 
a daily single-meal feeding schedule were presented with an unexpected meal at three different times of the day and the 
effects on the carbohydrate metabolic patterns were determined. The results indicate that it is the actual metabolic moment 
of the organism, rather than the duration of the inter-meal period and the degree of gastric emptying, that determines the 
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FOOD restriction is known to induce an increase in intestinal 
absorption [1, 2, 4, 13], liver glycogen content [10,14], fat 
accumulation [11,12], lipogenesis in liver and adipose tissue 
[25], and a higher resistance to glycogen depletion during 
insulin hypoglycemia [6]. These changes may make more 
available energetic stuff for the emission of suddenly neces- 
sary, highly energy consuming behaviors [6]. 

Previous work [15] indicates that food restriction also 
causes a lesser insulin secretion, higher gastric capacitance 
and delayed gastric emptying, which suggests that food re- 
stricted animals better use circulating nutrients and pour 
energetic compounds into the blood at a slower rate. In rats 
fed at night, there appeared an increase in blood sugar con- 
centration during the long inter-meal periods that was more 
pronounced than in those fed in day time. Liver glycogen 
decreased at 14 hours after the meal in both feeding groups, 
but greater decreases were observed in the rats fed during 
the day. Food ingestion was higher in rats fed at night despite 
similar inter-meal periods (22 hours) and gastric emptying for 
both groups. Glycemia and insulinemia at the time of the 
expected meal were also similar in both groups but hepatic 
glycogen content by then was significantly lower in the rats 
fed at night, which ingested an amount of food that was 
significantly larger than that ingested by the diurnal group. 

Food restriction is a useful experimental model to assess 
some factors involved in food intake regulation because 
conditions associated with feeding, such as the inter-meal 
period, the degree of gastric emptying, the quantity of food 





available to the animals as well as the amount that is in- 
gested, can be easily determined. Moreover, once the pat- 
tern of some metabolic parameters has been established 
other variables can be introduced in the experimental model 
at certain ‘‘metabolic moments’ to determine those 
metabolic factors that regulate food ingestion. In the present 
study an unexpected meal was presented to rats adapted to a 
daily single-meal feeding schedule, either diurnal or noctur- 
nal. By assessing the metabolic changes caused by this sur- 
prise meal it was possible to obtain additional information 
regarding the role of metabolic factors in the regulation of 
food intake. 


METHOD 


Male Wistar albino rats weighing about 200 g were kept in 
individual cages. During one week the animals received only 
one meal a day, either from 8:00 to 10:00 a.m. or from 8:00 to 
10:00 p.m. As reported in a previous study [15] the experi- 
ments were performed throughout the year, repeating each 
experimental combination at different times of the year, aim- 
ing at assessing the influence of seasonal factors. Actually, 
so that the rats could be studied in conditions as natural as 
possible, such distribution of the experiments was adopted 
on purpose. Despite the different temperatures (between 8°C 
in winter and 36°C in deep summer), no differences were 
found to occur in the studied parameters that could be at- 
tributed to either variable. The animals were kept under nat- 
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FIG. 1. Food intake during the unexpected meal, evaluated in g/100 
g of body weight (mean+standard error of the mean, s.e.m.) The 
meal was given to group D+S, (n=56) from 4:00 to 6:00 p.m., to 
group D+S,, (n=56) from 12:00 to 2:00 a.m., and to group N+S,, 
(n=56) from 12:00 to 2:00 p.m. 


ural illumination to avoid artifical shifting of the naturally 
established locking of feeding behavior and metabolic pat- 
terns to the time of the day, as reflected by light and dark. 
Moreover, at the latitude of the laboratory (about 23° 
south) the drift of the sunset and of the sunrise is relatively 
narrow (less than two hours). Food restriction was also im- 
posed at different times so that the entire 24 hour length of 
the day was covered. 

On the day that each experiment was to be completed (8th 
day) an unexpected meal was presented to the rats at a cer- 
tain interval after the last usual meal according to the follow- 
ing schedule: (a) 56 animals trained to eat from 8:00 to 10:00 
a.m. were given the surprise meal 6 hours later, i.e. from 
4:00 to 6:00 p.m. (Group D+S,); (b) another 56, also 
routinely fed in day time (8:00 to 10:00 a.m.) had the extra 
meal 14 hours later, i.e. from 12:00 p.m. to 2:00a.m. (group 
D+S,,); (c) the 56 rats of the nocturnal group (8:00 to 10:00 
p.m.) had the unexpected meal 14 hours later, i.e. from 12:00 
to 2:00 p.m. (group N+S,,). All the animals were permitted 
free access to water during the experiment. 

The day selected for the measurements the amount of 
food ingested during the routine and the unexpected meal 
was determined and then the rats were intraperitoneally 
anesthetized with sodium pentobarbiturate (40 mg/kg body 
weight.) The abdomen was rapidly opened and blood samples 
and the stomach plus its content were removed, and a few 
samples of liver were taken, as previously described [15]. 
The weight of the stomach and gastric contents were nor- 
malized according to body weight. This allowed corrections 
for differences in the sizes of the animals and was considered 
as an index of gastric filling or emptying. The collection of 
these materials was performed in smaller groups of rats 
(n=8) every two hours beginning at the onset of the extra 
meal and extended for a period of 12 hours. 

Blood glucose was determined by the ortho-toluidine 
method [3] and blood insulin by radioimmunoassay [16]. 
Liver glycogen was assayed by means of alkaline digestion, 
separation of the carbohydrate in ethanol [13]. The extract 
obtained was hydrolised by heat and the resulting glucose 
concentration was determined by the ortho-toluidine 
method. 

The amount of food ingested was determined as the 
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FIG. 2. Time course of the relative weight of the stomach during 12 
hours after the unexpected meal, expressed as g/100 g body weight 
as a function of time in hours after the meal. Groups defined as in 
Fig. 1. Continuous line: group D+S,,. Dashed line: group N+S,,. 
Dotted line: D+S,. Mean+s.e.m. 


difference between the amount of food offered and that re- 
maining at the conclusion of the two-hour period. The results 
were expressed in grams/100 grams body weight. 

The data were statistically processed at 95% of signifi- 
cance. Variation of the amount of food ingested among the 
three groups during the last routine-meal was analysed by 
Duncan’s test. The same was done for comparison of food 
ingested during the surprise-meal presented to the three 
groups. For comparison of quantity of food consumed by an 
animal at the last habitual meal and during surprise-meal, 
paired Student’s r-test was used. Values of glycemia, hepatic 
glycogen, insulin and stomach fresh weight from all animals 
were analysed by non-paired Student's /-test. 


RESULTS 


Food Intake 


During the last routine meal the amount of food ingested 
by the rats was 5.3+0.2, 5.7+0.2 and 7.4+0.2 g/100 g body 
weight for groups D+S,, D+S,, and N+S,,, respectively. 
During the unexpected meal the animals ate 3.7+0.2, 
5.2+0.1 and 4.5+0.1 g/100 g body weight, respectively, as 
shown in Fig. 1. The metabolic moments at which these 
meals were given are marked in Figs. 3 and 4. For the three 
groups a significant difference was found between the 
routine meal and the extra meal. Analysis of the data re- 
vealed also that there was a significant difference among the 
three test groups, D+S,, ingesting more food than N+S,,, 
and the latter more than D+S,. 


Weight of the Stomach. 


The relative weight of the stomach just before the unex- 
pected meal in each group was 5.0+0.4 (D+S,), 1.2+0.1 
(D+S,,+-lower than in group D+S,—and 1.8+0.1 g/100 g 
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FIG. 3. Time course of glycogen (continuous line), glycemia (dotted line) and in- 
sulinemia (dashed line) in rats fed on a single-meal schedule given every day from 8:00 
to 10:00 a.m. The vertical shaded areas indicate the periods at which the unexpected 
meals were administered: to group D one meal was offered 6 hours after the regular 
meal (group D+S,) and 14 hours after the meal (group D+S,,). In ordinates: glycemia 
expressed as mg/100 ml of blood, hepatic glycogen concentration as mg/100 mg of 
liver tissue, and insulinemia as wU/ml of serum. In abscissae, time in hours. 
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FIG. 4. Time course of liver glycogen concentration (continuous line), glycemia 
(dotted line) and insulin (dashed line) in rats of the nocturnal group, fed on a single- 
meal given every day from 8:00 to 10:00 p.m. The vertical shaded area indicates the 
period at which the unexpected meal was offered. Units expressed as in Fig. 3. 


body weight (N+S,,)}—also lower than in group D+S,. The 
corresponding weights after the extra meal are shown in Fig. 
2, which reveals that the time course of gastric emptying was 
much about the same for both diurnal groups (D+S, and 
D+S,,) whereas in the nocturnal group (N+S,,) the process 
was faster and leveled off sooner than in the rats fed habitu- 
ally in day time. 


Glycemia 


The variation of glycemia as a function of time in the 
interval between two regular, expected meals given to the 
rats of the diurnal groups is depicted in Fig. 3. To identify the 
metabolic moments at which the rats received the unex- 
pected meals two bars were added to the figure, one for 


D+S, and another for D+S,,. Two hours after the regular 
meal glycemia went up and at the sixth hour it decreased to 
119.6+4.1 mg/100 ml. From this value it increased almost 
linearly, attaining 142.2+4.8 mg/100 ml at the 14th hour. At 
this time it declined, reducing glucose concentration to 
103.9+3.5 mg/100 ml in 6 hours. The extra meal was given to 
one group (D+S,) at the first lower peak and to the other 
(D+S,,) at the highest peak. 

Variations of glycemia in the nocturnal group as a func- 
tion of time between the two regular meals is shown in Fig. 4. 
Glycemia decreased from 117.4+5.8 to 98.8+3.9 mg/100 ml 
in the two hours following the meal and then increased 
slowly to 176.7+8.6 along the subsequent 18 hours, after 
which a steep decline to the pre-meal levels occurred. The 
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FIG. 5. Hepatic glycogen (continuous line), glycemia (dotted line) 
and insulin (dashed line) during and all along the 12 hours ensuing 
the unexpected meal in group D+S,. The feeding period is marked 
by the shaded area. Units as in Fig. 3, expressed as means+s.e.m. 


unexpected meal was offered, as indicated in Fig. 4, 14 hours 
after the regular meal. 

Just before the extra meal glycemia was 119.6+4.1 in 
group D+S,, 142.2+4.8 in group D+S,,, and 148.7+3.4 
mg/100 ml in group N+S,,. For the former two groups, i.e., 
when the unexpected meal was given 14 hours after the reg- 
ular feeding period, glycemia was statistically similar but 
significantly higher than that for D+S,. After the surprise 
meal glycemia decreased in both D+S,, and N+S,, (Figs. 6 
and 7), staying at levels lower than those attained before the 
meal all along the 12 following hours. Yet, a hyperglycemic 
propensity in group N+S,, can be detected in Fig. 7. In 
group D+S, there was a brief increase in glycemia during the 
meal period and after a steady decline lasting 8 hours another 
mild increase restored the pre-meal level (Fig. 5). 


Hepatic Glycogen 


Hepatic glycogen concentration in the diurnal groups in- 
creased steadily from the beginning of the meal to reach its 
peak 6 hours later, when a slow decline brought it from 
3.27+0.21 to 2.76+0.13 mg/100 mg in 8 hours. From then on 
a sudden fall to 1.1+0.06 mg/100 mg required only two hours 
to occur. 

In the nocturnal group the time course of glycogen varia- 
tion followed the same trend, with maintenance of high level 
till 14 hours of fasting elapsed (2.6+0.08 mg/100 mg). A steep 
fall started in both diurnal and nocturnal groups 14 hours 
after the regular meal. As shown in Figs. 3 and 4, the de- 
crease of glycogen in the nocturnal group was much slower 
than in the diurnal groups, although it went down to an even 
lower level just before the following meal. 

Hepatic glycogen concentrations at the moment an unex- 
pected meal was given to the rats were high, namely 
3.27+0.21 for D+S,, 2.76+0.13 for D+S,, and 2.6+0.08 
mg/100 mg for group N+S,, (Figs. 5, 6 and 7, respectively, 
and Fig. 8). The values for D+S, were significantly more 
elevated than those for D+S,, and N+S,, but in all cases 
they were considerably high. 

Immediately after the unexpected meal a small increase 
occurred in group D+S, (Fig. 5). After a slow oscillation a 
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FIG. 6. Hepatic glycogen (continous line), glycemia (dotted line) and 
insulinemia (dashed line) during and all along the 12 hours ensuing 
the unexpected meal in group D+S,,. The feeding period is marked 
by the shaded area. Units as in Fig. 3, expressed as mean+s.e.m. 
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FIG. 7. Glycogen (continuous line), glycemia (dotted line) and in- 
sulinemia (dashed line) during and along the 12 hours following the 
unexpected meal in group N+S,,. The feeding period is marked by 
the shaded area. Units as in Fig. 3, expressed as means+s.e.m. 


definite decrease started 6 hours past the meal. In sharp 
contrast, in group D+S,, the extra meal was followed by a 
rapid fall in glycogen and then an increase. Six hours after 
the meal it fell again to the same level attained at the end of 
the extra meal period (nearly 2 mg/100 mg), paralleling the 
final portion of the curve for group D+S,. However, the 
average hepatic glycogen in group D+S,, (Fig. 6) was gen- 
erally lower than in the D+S, group. In group N+S,, glyco- 
gen did not change significantly during the 12 hours following - 
the extra meal (Fig. 7). 


Insulinemia 


In the diurnal group insulinemia oscillated about 30 
U/ml during 16 hours after the regular meal, then decreas- 
ing to 22+1.5 wU/ml up to the next meal. In the nocturnal 
group, however, insulinemia decreased from 42+2.0 wU/ml 
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FIG. 8. Liver glycogen, glycemia and insulinemia as a function of 


time during the extra meal period (shaded mark at the bottom of 
each graph) and the ensuing 12 hours in the three groups. Homolo- 
gous curves are grouped for comparison. The corresponding s.e.m. 
which are found in the other figures, were deleted to enhance the 
trends of each variable. 


after the meal to 21+2.0 ~U/ml 4 hours later and then went 
up to a peak 56+6.0 «U/ml at the tenth hour after the meal. 
Another intense decrease to 23+2.0 «U/ml occurred at the 
sixteenth hour, and was followed by a slight increase that 
reached 28+2.0 «U/ml by the time of the next meal. Thus, a 
12-hour cycle seemed to modulate the blood insulin concen- 
tration in the nocturnal group. 

When the unexpected meal was given to the rats of the 
diurnal group 6 hours after the regular meal (D+ S,) a drastic 
increase from 25+1.0 «U/ml to 37+4.0 wU/ml was found. A 
slow decrease then ensued that reduced insulinemia to about 
50% of the initial concentration prevailing when the extra 
meal started (Fig. 5). 

In D+S,, and N+S,, insulinemia did not change much all 
along the period ensuing the unexpected meal. 

A comparison of hepatic glycogen level, glycemia and 
insulinemia from the three groups after the extra meal is 
presented in Fig. 8. 


DISCUSSION 


One of the main trends in the hypotheses intended to 
explain triggering and regulation of energetic food ingestion 
is that both depend upon some intracellular metabolic cue. 
Because of its role in metabolism and of the wide evidence of 
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hepatic chemoreceptors signaling changes in local glucose 
concentration, the liver is likely to play a key role in such 
processes [5, 17, 25]. Nevertheless, powerful mechanisms 
arising in chemoreceptors sensitive to changes in 
intracellular glucose which are located in the area of the 
medial forebrain bundle of the hypothalamus and in the nu- 
clei of the solitary tract are probably involved also [7,8]. 

It has been demonstrated [28] that food ingestion ac- 
tivated by insulin or 2-deoxy-D-glucose is related to the hour 
of the day in which either substance is administered. Such 
differences are bound to the hepatic glycogen content, so 
much so that when glycogen is high the amount of food in- 
gested is low and when glycogen is low, more food is in- 
gested. In the present work such a relationship was con- 
firmed. The reactivity of the carbohydrate metabolic system 
was tested by the unexpected meals, which were given when 
liver glycogen was very high (around 3 mg/100 mg of liver 
tissue). The unexpected meal was ingested more intensely by 
the group that received the extra meal 14 hours after the 
regular meal, more by D+S,, than by N+S,,, and least by 
the group that had the extra meal 6 hours after the regular 
one (D+S,). The reason why D+S, ate less than N+S,, and 
D+S,, might be the incomplete emptying of the stomach 
only 6 hours after the previous meal. In fact, 6 hours after the 
meal the relative weight of the D+S, group stomach plus its 
content was 5+0.5 g/100 g body weight, much more than the 
1.2+0.1 and 1.9+0.1 g/100 g body weight, respectively for 
D+S,, and N+S,,. However, this difference cannot account 
for the higher ingestion of food in N+S,, and D+S,,, since in 
free fed rats the stomach plus its content weighed 5 g/100 g 
body weight, yet they ate as much as when the stomach 
weighed 1.5+0.07 [15]. On the other hand, examination of 
the curves that describe the time course of hepatic glycogen 
concentration (Figs. 3 and 4) show that it did not change 
significantly in group D+S, during the period in which the 
extra meal was presented whereas it decreased moderately 
(but significantly) in group N+S,, and declined quite steeply 
in group D+S,,. The rats of groups D+S,, N+S,, and D+S,, 
ate progressively more in that order. Glycogen concentration 
in the liver decreased at the rates of 0.05 mg/100 mg per hour 
in D+S,, 0.27 mg/100 mg in N+S,, and 0.83 mg/100 mg per 
hour in D+S,,. It thus seems that there is a relationship 
between the depletion of glycogen in the liver and how much 
food is ingested. Such a relationship will be quantified by 
expanding the resolution, within the two-hour period in 
which the extra meal is given, to intervals as short as 15 
minutes. Attention should be drawn to the fact that as related 
to group D+S, (which ate the least), group N+S,, ate 0.4 
g/100 g body weight per hour more than D+S, and group 
D+S,, ate 0.75 g/100 g body weight per hour above D+S,. 

To stress further the relevance of the metabolic factors in 
regulation of food intake it should be pointed out that group 
D+S,, ingested more food than N+S,,, despite the time 
elapsed after the previous regular meal being the same (14 
hours) and the relative weight of the stomach attaining simi- 
lar values. That indicates a secondary role played by the 
intermeal interval, in disagreement with which has been 
claimed [9], and the degree of gastric emptying as main fac- 
tors in determining the food intake. As to this statement, 
however, the fact that the animals in our experiments were 
subjected to a chronic food restriction and, therefore, 
adapted to a metabolic cycle locked to a fixed pattern feeding 
schedule, should be taken into account. 

When a relationship between glycemia and food intake is 
sought in our data it seems that this parameter cannot play a 
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direct role in regulating the amount of food ingested, only an 
indirect one. Actually, at the moment the unexpected meal 
was presented glycemia was the highest in rats of the group 
D+S,,, less in group N+S,, and the least in D+S,. However, 
the rats ate progesssively more of the food in that same 
order. If glycemia just preceding the meal was directly in- 
volved, an entirely reverse order should be expected. After 
the extra meal the time course of the glycemic curve evolved 
very similarly in the three groups, the shifting of one curve as 
to the others being very small soon after the feeding had 
stopped. However, if basal glycemia is not directly involved 
in regulating the amount of food to be ingested, its evolution 
during the meal period should be an important signal. In fact, 
D+S, group received the extra meal during an early phase of 
fasting hyperglycemia and N+S,, was refed during a clear 
hyperglycemic period. On the contrary, the period corre- 
sponding to an extra meal of D+S,, corresponded to a 
clear-cut decrease in blood glucose. Adding to that is the 
striking fact that in group N+S,, glycemia was raising 
towards a very high level (about 177 mg/100 ml), reached 20 
hours after the regular meal, and to a not so high level (about 
140 mg/100 ml) in group D+S,, 14 hours after the regular 
meals whereas it was to decrease slightly above 100 mg/100 
mi 20 hours following the meal. It appears that after the 
unexpected meal glycemia was rapidly brought to a stable 
concentration that changed very slowly as a function of time 
in succeeding hours, until a new cycle would start over 
again. 

Glycogen was very high 6 hours after the regular meal in 
groups habitually fed at day time and tended to decrease at a 
low rate along the ensuing 8 hours (Fig. 3). When the unex- 
pected meal was ingested starting at the sixth hour after the 
regular meal (Fig. 5) glycogen concentration increased simi- 
larly to the highest usual fasting level and remained so for the 
next 6 hours following the extra meal. In contrast, when the 
extra meal was given 14 hours after the regular meal liver 
glycogen was suddenly reduced to about half its concentra- 
tion and then went up again before resuming the regular 
descent to attain, 12 hours after such meal, a value similar to 
those reached in the other two groups (Fig. 8). In the noctur- 
nal group glycogen did not change significantly all along the 
10 hours following the extra meal, converging during the 
latest two hours to meet the D+S,, and D+S, corresponding 
curves. It may be reasoned that glycogen sharp decrease that 
was about to occur at the time the meals S,, and N,, were 
given was prevented by the extra supply of food. At S, 
glycogen was very high and tended to be even higher be- 
cause of the unexpected supply but glycemia, as discussed 
above, was stabilized. The excess in glycogen must have 
played a key role in determining the lesser intake of food by 
the D+S, group in relation to D+S,, and N+S,,. Gastric 
emptying was similar in both D+S,, and D+ S, groups after the 
extra meal ingestion stopped and thus regulation of the glu- 
cose input to the liver was not due to a controlled gastric 
output of food to the intestines. A delay in intestinal absorp- 
tion might be involved as a mechanism to impede a glycogen 
overload of the liver but it is more likely that high glycogen 
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concentration probably saturated the glycogenetic mech- 
anism. 

These data support the hypothesis that metabolic factors 
are important in the mechanisms that regulate food intake. 
They supply additional evidence that glycogen metabolism is 
directly related to such mechanisms. This relationship may 
be relevant as a way of measuring the relative urge to re- 
store, by feeding, energetic stores that have been used up. 
Several other evidences are in line with such views, since it 
has been shown [20, 21, 22, 23] that regulation of glycogen 
metabolism is modulated by neural structures located in the 
ventromedial and lateral hypothalamic areas and exerting, 
respectively, a control of liver phosphorylases and glycogen 
synthetase. In addition, neurons of the lateral hypothalamus 
are sensitive to portal infusion of glucose [18,19] and 
hyperglycemic reflexes are elicited by functional cytogluco- 
penia in the liver [7] and in the nuclei of solitary tract [27]. 
Such hyperglycemic reflexes, which are triggered by cyto- 
glucopenia in the liver, have been considered [7] metabolic 
early adjustments that keep glycemia within a narrow 
homeostatic range. According to such hypothesis the 
hyperglycemic reflexes prevent a deep hypoglycemia due to 
an increasing mobilization of glycogenetic mechanisms (in- 
cluding both glycogenolysis and gluconeogenesis), until a 
signal arising from some metabolic step triggers a full feeding 
behavior. 

The present work disclosed a connection between the rate 
of glycogenolysis and the amount of food ingested. Such a 
connection may well reflect the activation of the above 
suggested mechanism and then the hyperglycemic reflexes 
may be at one end of a series of mechanisms aiming at keep- 
ing normoglycemia, at the other end of which is feeding be- 
havior. 

Our data did not show a clear-cut relationship between 
serum insulin and the quantity of food ingested. The three 
groups studied in our experimental model received an extra 
meal when insulinemia was similar in all three. This extra 
meal, on the other hand, was unable to modify the habitual 
variation of this hormone during the post-absorptive period. 

The present work provides evidence that the length of the 
inter-meal period is not primarily related to the amount of 
food ingested and that the main factor is related to the 
metabolic pattern. The regulating mechanisms acquired by 
experience and due to the natural or artifically (ecologically, 
experimentally and socially) imposed availability of food is 
likely to be closer to the experimental frame adopted for the 
rats that were subjected to the unexpected meal. However, 
several other complex factors are involved, including the 
relative amount of carbohydrate, fat and protein in food. 
Another possible factor is the photoperiod, whose signifi- 
cance for feeding is still unsettled. In our experiments, group 
D+S" was given the unexpected meal in day time. On the 
other hand, group N+S,, had the extra meal in day time after 
having received the regular meal at night. Yet, the amount of 
food both groups ate was strikingly different in contrast to 
what has been reported by other authors [9], who found that 
neither permanent lighting nor continuous dark influence 
food intake. 
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SHIBATA, S., D. SUWANDI, T. YAMAMOTO AND S. UEKI. Effects of medial amygdaloid lesions on the initiation 
and maintenance of muricide in olfactory bulbectomized rats. PHYSIOL. BEHAV. 295) 939-941, 1982.—In order to 
elucidate the role of medial amygdala on the initiation and the maintenance of muricide following olfactory bulb lesions, 
bilateral medial amygdaloid lesions were performed after, prior to, or simultaneously with olfactory bulb lesions. Both the 
initiation and the maintenance of muricide following olfactory bulb lesions were suppressed by amygdaloid lesions, and this 
result suggests that the medial amygdala plays a facilitatory role in both the initiation and the maintenance of muricide in 


olfactory bulbectomized rats. 


Medial amygdala Muricide Olfactory bulbectomy 


Electrolytic lesion Rat 





MOUSE -killing behavior (muricide) can be induced by bilat- 
eral olfactory bulb (OB) lesions of the rat [5,9]. This muricide 
can be inhibited by the administration of antidepressants or 
the delivery of electroconvulsive shock [6,10]. Recently we 
reported that co-administration of tranylcypromine and de- 
sipramine, or the treatment of electroconvulsive shock prior 
to OB lesions inhibited an initiation of muricide following OB 
lesions [8]. These reports suggest that brain mechanisms in- 
volved in the initiation of muricide are similar to those in- 
volved in the maintenance of muricide. 

The medial amygdala (AME) has been thought to play a 
facilitatory role in the maintenance of muricide and to be one 
of the sites of action of antidepressants, since the mainte- 
nance of muricide is inhibited by bilateral AME lesions [7] as 
well as by microinjection of antidepressants into the AME 
[2,11]. Therefore it is worthwhile to elucidate whether AME 
plays a facilitatory role in the initiation of muricide following 
OB lesions. However, there has been so far no detailed in- 
formation in this respect. Therefore, in the present study, 
bilateral AME lesions were performed prior to or simulta- 
neously with OB lesions, and the role of the AME on the 
initiation of muricide was investigated. 


METHOD 


Male Wistar King A rats, weighing 200-260 g at the be- 
ginning of the experiment, supplied by Kyushu University 
Institute of Laboratory Animals, were used. A total of 78 
rats which did not exhibit spontaneous muricide were 
selected for use in the experiment and were divided into 3 





groups: (1) AME lesions prior to OB lesions (AME-before- 
OB), (2) simultaneous lesions of both OB and AME (AME- 
plus-OB), and (3) AME lesions after OB lesions (AME- 
after-OB). Rats in the AME-after-OB group were subjected 
to AME lesions 10 days after OB lesions, while rats in the 
AME -before-OB group underwent OB lesions 4 days follow- 
ing AME lesions. 

Under anesthesia with sodium pentobarbital (40 mg/kg IP) 
the olfactory bulbs were bilaterally removed by suction 
through a hole made in the skull (OB rat). An insulated, 
monopolar stainless steel wire electrode (tip diameter, 0.4 
mm; uninsulated length 0.3 mm) was inserted into the AME 
according to the rat brain atlas of Kénig and Klippel [4], and 
a direct current of 3 mA was applied for 15 sec. The 
stereotaxic coordinates of the AME were anterior, 5.7, lat- 
eral; 3.4, ventral; 8.5 mm deep from the surface of the skull. 
Sham operations on the AME were performed by the same 
procedure with the exception that electrical current was not 
applied. Subjects were housed in individual cages 
(17x 17x21 cm) with food and water available ad lib. Stand- 
ardized conditions of temperature (22-25°C) and light 
(0700-1900 hr) were maintained throughout the experiment. 


RESULTS AND DISCUSSION 


The number of rats exhibiting muricide within 3 min after 
introducing a mouse into the rat’s home cage was deter- 
mined. All subjects were then sacrificed and the exact loca- 
tion and extent of the AME lesions were verified by staining 
brain slices (60 u~m) with cresyl violet. Results were evalu- 
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FIG. 1. Area of bilateral amygdaloid lesion: (a) typical examples showing the site and 
extent of AME lesions; (b) a summing of the maximal (circled area) and minimal (shaded 
area) extent of AME lesions for all animals, superimposed on sections taken from the 


stereotaxic atlas of K6nig and Klippel [4]. 


ated statistically by means of the Fisher’s exact probability 
test. 

The site and extent of the AME lesions are shown in Fig. 
1. The lesions typically included destruction of the cor- 
ticomedial nucleus of the amygdala (Fig. la). Figure 1b 
shows the maximal area and minimal area of destruction for 
each animal superimposed on sections taken from the 
stereotaxic atlas of K6nig and Klippel [4]. Although some 
rats showed damage of adjacent portions of the pyriform 
cortex, rats with lesions of the ventral hippocampus or cau- 
date putamen were not included in the data analysis (N= 18). 

Figure 2 shows the time course of muricide suppression 
after AME lesions. The initiation of muricide following OB 
lesions was suppressed by prior AME lesions (Fig. 2A; 


N=9). The muricide in the AME-before-OB (N=9) group 
was completely inhibited on Days 2 (p<0.02) and 4 (p<0.02) 
after OB lesions, but appeared in 22% (p<0.05) and 33% 
(p <0.05) of rats on Days 7 and 14, respectively. However, 
no significant difference in the incidence of muricide be- 
tween AME-before-OB and control groups was found on Day 
21. In the AME-plus-OB group, muricide was also com- 
pletely suppressed on Day 2 following OB lesions, and on 
Days 4 (p<0.05), 7 (p<0.05) and 14 (p<0.05), the incidence 
of muricide was significantly lower than in the control group 
(Fig. 2B). However, on Day 21 no significant difference was 
observed between these two groups. Muricide in the AME- 
after-OB group (N=12) was significantly inhibited by AME 
lesions in comparison with sham operated animals on Days 2 
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FIG. 2. Effects of amygdaloid lesions on the initiation (A, B) and the 
maintenance (C) of muricide in olfactory bulbectomized rats: (A) 
AME lesions prior to OB lesions; (B) simultaneous lesions of both 
OB and AME; (C) AME lesions after OB lesions. Ordinate, percent 
incidence of muricide. Abscissa, day after OB lesions (A) and AME 
lesions (B, C). Significant differences as compared with control 
animals (***p<0.01, **»<0.02, *p<0.05). 
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(p<0.01), 4 (p<0.02) and 7 (p <0.05) (Fig. 2C). However, the 
incidence of muricide thereafter gradually increased result- 
ing in no significant difference in muricide from the control 
group on Day 14 after AME lesions. The incidence of 
muricide in OB rats was significantly depressed by AME 
lesions but muricide reappeared 14 days after AME lesions. 
Karli et al. [3] and Eclancher and Karli [1] observed that 
muricide inhibition following centromedial amygdaloid le- 
sions recovered after several weeks, and their results are 
consistent with the present findings. 

In the AME-after-OB group, the maintenance of muricide 
was suppressed by AME lesions, but thereafter muricide 
reappeared. In both the AME-plus-OB and: the AME- 
before-OB groups, the initiation of muricide was suppressed 
by AME lesions. However, AME lesioned rats showed the 
same incidence of muricide at 21 days after OB lesions, as 
compared with the sham operated animals. Very little infor- 
mation is available on the mechanism of reappearance of 
muricide after AME lesions. In this regard, there are two 
different possibilities; (1) a compensatory action by the lat- 
eral hypothalamic area (LHA), (2) the compensatory action 
by the remainder non-lesioned nuclei of the amygdala. The 
LHA lesions caused muricide disappearance and anorexia. 
Although the feeding behavior had recovered after a few 
weeks, muricide did not reappear and the latter effect lasted 
longer when compared with the effect on muricide after 
AME lesions [3]. It was therefore suggested that the LHA 
plays a more facilitatory role on muricide than AME. If LHA 
neurons, possessing the facilitatory action on the muricide 
would be slowly activated after AME lesions, the muricide 
might reappear at 14-21 days in AME-lesioned rats. 

However, the latter possibility of the compensatory ac- 
tion by the remainder non-lesioned nuclei of the amygdala 
would not be ruled out from the results of the present exper- 
iments. 

Although these mechanisms should be clarified by further 
studies, the present results suggest that the AME plays a 
facilitatory role in both the initiation and the maintenance of 
muricide in OB rats. 
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EDWARDS, G. L. AND R. C. RITTER. Area postrema lesions increase drinking to angiotensin and extracellular 
dehydration. PHYSIOL. BEHAV. 2%5) 943-947, 1982.—The area postrema (AP) is a circumventricular organ of the 
caudal medulla oblongata. This structure lacks a blood brain barrier and contains high concentrations of angiotensin II (AI]) 
receptors. Because AII is a participant in the arousal of thirst, we have examined the effect of AP lesions upon drinking in 
response to exogenous AII and in response to various thirst challenges. We have found that rats with AP lesions (APL) 
drink more water than control rats in response to isoproterenol and polyethylene glycol. Rats with AP lesions also drank 
two times as much water as controls in response to subcutaneous injection of exogenous AII. Ad lib water intakes of APL 
and control rats were not different. Furthermore, drinking in response to 21 hr water deprivation or cell dehydration did not 
differ for APL and control rats. Our results suggest that AP lesions selectively enhance extracellular thirst, especially the 


component of that thirst mediated by AII. 


Area postrema Extracellular thirst Angiotensin 


Feeding and drinking behavior 





THE role of angiotensin II (AI) as a physiological dipsogen 
which acts in the brain is supported by compelling experi- 
mental evidence [12]. Since circulating AII does not readily 
cross the blood brain barrier [22] and because the existence 
of a brain isorenin-AII system is controversial [23], the 
search for brain receptive sites for AII has focused on the 
circumventricular organs (CVO). Most CVO possess fenes- 
trated capillaries and, therefore, permit penetration of AII 
and other large molecules into their parenchyma. Among the 
CVO, the subfornical organ (SFO) is almost certainly a re- 
ceptor area which mediates behavioral and physiological re- 
sponses to blood borne AII [20,27]. In addition, the tissue 
surrounding the anterior ventral third ventricle (AV3V), 
which contains the organum vasculosum of the lamina ter- 
minalis (OVLT), also participates in AIlI elicited thirst 
(6, 7, 16]. 

Although the SFO and AV3V have garnered much atten- 
tion with regard to the behavioral effects of AII, the area 
postrema (AP), a CVO located in the caudal medulla oblon- 
gata, has features which suggest that it could be an additional 
site through which AII induced drinking is controlled. For 
example, the AP has demonstrated connections with the nu- 
cleus of the solitary tract (SOL), which receives barorecep- 
tor [9] and gustatory afferents [4,8]. The AP also contains 
high affinity AII binding sites [14,28]. In some species, it 
initiates neurally mediated blood pressure alterations in re- 
sponse to AII [13,19] possibly via SOL connections control- 
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ling sympathetic outflow [2,5]. In order to determine 
whether the AP participates in the control of thirst, we eval- 
uated the response of rats bearing AP lesions (APL) and 
control rats to several thirst challenges. We have found that 
rats with AP lesions drink more water than intact rats in 
response to exogenous AII and to extracellular thirst chal- 
lenges. 


METHOD 


Adult male Sprague-Dawley rats were the subjects of all 
experiments. The rats were maintained in a temperature con- 
trolled room on a 12:12 light-dark cycle. 

The surgical approach to the AP was made under 
methoxyfluorane or sodium pentabarbitol anesthesia. The 
AP was exposed, visualized and lesioned by thermo-cautery 
according to the procedure of McGlone er al. [21]. Sham 
operated control animals were produced by exposing the AP 
and touching it with a cotton swab instead of the thermo- 
cautery tip. 

Unless otherwise noted, the rats were allowed a 10- to 
15-day recovery period before experimental testing began. 
Body weight and 24 hr food and water intakes were meas- 
ured at intervals throughout the recovery and experimental 
period. 

In order to evaluate the controls of water intake in APL 
rats, we monitored drinking in response to four hydrational 
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challenges and systemic injection of exogenous AII. All ex- 
periments were performed in the animals’ home cages during 
the light phase of the 12:12 light-dark cycle. Water con- 
sumption was measured to the nearest 0.1 ml using 50 ml 
calibrated drinking tubes and, with the exception of the 21 hr 
deprivation test, drinking tubes were present on the cages for 
| hr prior to administration of thirst challenges. Food was 
absent during all tests. Drinking by APL (N=5), sham oper- 
ated and unoperated control rats (Control, N=5) after 21 hr 
water deprivation (food present during deprivation) was 
measured during a 3 hr period from 9:00 a.m. to 12:00 noon 
(food absent). Water intakes following deprivation were 
compared to intakes by the same rats measured over the 
same 3 hr period on a day prior to water deprivation. APL, 
sham operated and unoperated control rats were also tested 
for drinking in response to subcutaneous injections of 2 
mg/kg angiotensin II (CIBA) (APL, N=21; Control, N=23), 
50, 100 and 150 wg/kg, isoproterenol bitartrate (Sigma) (APL, 
N=8; Control, N=9), 12 cc/kg 30% polyethylene glycol (PG) 
in physiological saline injected at 2 sites (APL, N=8; Con- 
trol, N=9), and 4 cc/kg of 10% NaCl solution (APL, N=5; 
Control, N=5). Drinking in response to AII, isoproterenol 
and 10% NaCl was measured over 2 hr periods. Drinking in 
response to PG was monitored hourly for 8 hr and again at 24 
hr postinjection. Water intakes following isotonic saline con- 
trol injections were monitored on a day prior to each of the 
challenges. 

Rats with AP lesions (N=5) and control rats (N=3) were 
placed in metabolism cages and water intake, urine volume 
and urinary sodium excretion were monitored for a 24 hr 
period following 10 ml intragastric fluid loads of distilled 
water, 0.4 N NaCl solution or a sham intubation. The sham 
intubation consisted of inserting a gavage tube but delivering 
no fluid load. Food was absent but distilled water was avail- 
able ad lib during the 24 hr collection period. Urinary sodium 
was measured using flame photometry. 

After completion of behavioral testing APL rats were 
deeply anesthetized with sodium pentabarbitol and perfused 
with 10% Formalin. They were then prepared for histological 
examination using the Kluver-Barrera procedure. Recon- 
struction maps of each lesion were produced. Data were 
analyzed using appropriate bidirectional f-tests. 


RESULTS 


During examination of histological sections, the extent of 
lesion-induced damage was determined and the amount of 
AP tissue remaining was estimated. Data from rats with 
greater than 50% of AP tissue remaining were not included in 
the results. Two APL rats displayed incomplete destruction 
of the AP with greater than 50% of AP tissue remaining, 
therefore, data from these animals were not included in the 
results. Photomicrographs of representative lesions in rats 
which were included in the data analysis are shown in Fig. 1. 
Three APL rats displayed incomplete destruction of the AP 
with 10-30% of AP tissue remaining intact (see Fig. 1B). In 
these animals, the anterior portions of the AP were totally 
destroyed while only caudal portions of the AP remained 
intact. Damage to structures outside the AP was minimal in 
these three animals, with only slight damage to the caudal 
nucleus of the solitary tract. Most complete lesions (Fig. 1C) 
were limited to the AP with slight damage to the caudal 
nucleus of the solitary tract and, in a few cases, damage to 
the dorsal motor nucleus of the vagus nerve. The most ex- 
tensive lesion (Fig. 1D) extended 250 to 300 micrometers 


EDWARDS AND RITTER 


Ctr Sa | Ds eee Ie 
FIG. 1. Composite photomicrographs of AP lesions demonstrating 
the range of lesion sizes. Panel A depicts sections from control 
animals with all structures intact. Panel B shows the smallest lesion 
included in the test, while panel D depicts the largest lesion. Panel C 
illustrates a lesion representative of most AP lesions. (See text for a 
more detailed description of the lesions.) Abbreviations: AP, area 
postrema; CUM, med. cuneate nuc.; GR, nuc. gracilis; SOL, solit- 
ary nuc.; TSL, solitary tract; X, dorsal motor nuc. of cran. nerve X; 
XII, nuc. of cran. nerve XII. 


anterior and posterior to the AP and extended ventrally to 
include much of the caudal nucleus of the solitary tract and 
dorsal motor nucleus of the vagus nerve. This rat also sus- 
tained some damage to the hypoglossal nucleus. Laterally 
the lesion damaged the solitary tract on the right side and 
caused extensive damage to the nucleus gracilis and the 
funiculus gracilis on both sides. The behavior of this rat was 
not different from the behavior of rats with smaller lesions. 

Ad lib 24 hr water intakes by APL and control rats were 
not significantly different. However, rats with AP lesions 
drank 7.6+1.0 ml of water in the 2 hr following subcutaneous 
injection of 2 mg/kg AII (Fig. 2). Control rats drank only 
3.5+0.4 ml in response to the same dose of AII. Thus, the 
response of rats with AP lesions was 217% of the controls’ 
intake. APL and control rats deprived of water for 21 hr 
drank statistically indistinguishable quantities of water over 
a 3-hr period following return of their drinking tubes (Table 
1). Likewise, APL and control rats did not differ with regard 
to drinking in response to cellular dehydration (Table 1). 
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FIG. 2. Angiotensin I]-elicited drinking in APL (N=21) and control 
(N=23) rats. Non-treatment baseline intakes for the two groups 
were not different (p>0.5); therefore, the baseline intakes were 
pooled. 





Figure 3 illustrates drinking in response to 0, 50, 100 or 
150 «g/kg isoproterenol in APL and control rats. Both APL 
and control rats significantly increased their water intake at 
all 3 isoproterenol doses. However, at each dose APL rats 
drank at a faster rate and consumed more water than con- 
trols during the first 60 min of the test. This difference in 
intake between APL and control rats (see figure caption) was 
statistically significant at the 100 (p»<0.01) and 150 pg/kg 
(p <0.05) dose. However, by 120 minutes postinjection, there 
was no difference in consumption between the two groups 
(p>0.1) at any dose. 

Subcutaneous injection of 30% polyethylene glycol 
caused significantly increased drinking in both control 
(3.9+0.7 ml) and APL rats (5.7+1.0 ml) by 8 hr postinjection 
(p<0.01). However, APL rats displayed a trend toward 
greater consumption over the 8 hr period. Although this 
trend did not reach statistical significance by 8 hr post-PG 
injection (p >0.1), by 24 hr post-PG APL rats had consumed 
significantly more water (29.7+3.0 ml) than had controls 
(17.2+2.5 ml) (p<0.01) (Fig. 4). Twenty-four hour water in- 
takes for APL and control rats did not differ after a saline 
control injection (p>0. 1). 

There were no differences in water intake, urine volume 
or urinary sodium excretion between APL and control rats 
when no fluid load was administered (Table 2). Also there 
were no differences in these parameters when APL and con- 
trol rats received 10 ml intragastric loads of 0.4 N NaCl 
solution or distilled water (Table 2). 


DISCUSSION 


Rats with AP lesions drank more water than controls in 
response to polyethylene glycol. In addition, APL rats con- 
sumed more water than controls during the first 60 min after 
subcutaneous injection of isoproterenol. They did not drink 
more than controls ad lib or in response to cell dehydration 
or 21 hr water deprivation. These data suggest that AP le- 
sions produce enhanced drinking in response to a signal(s) of 
extracellular dehydration. 

Increased levels of circulating AII appear to provide a 
portion of the thirst stimulus aroused by extracellular chal- 
lenges [1, 11, 18, 24, 25]. Since our data show a dramatic 
increase in drinking in response to exogenous AII, it may be 
that the enhanced extracellular thirst of APL rats results 
from enhanced responsiveness to AII. The AP lacks a blood 
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FIG. 3. Isoproterenol-elicited drinking in APL (N=8) and control 
(N=9) rats. Sixty min water intakes by APL rats were significantly 
greater than those of controls at both the 100 and 150 ug/kg doses. 
At 100 wg/kg APLs drank 7.9+0.9 ml over 60 min as compared to 
3.5+0.8 ml drunk by controls. At 150 wg/kg APLs drank 5.8+1.1 ml 
over 60 min whereas controls drank 3.2+0.6 ml over the same 
period. At 120 min there were no significant differences between 
controls and APL rats (p>0.1). 


Time (min) 


TABLE 1 


WATER INTAKE IN RESPONSE TO CELL DEHYDRATION OR 21 HR 
WATER DEPRIVATION 





Water deprivation 
(ml/3 hr) 


Cell dehydration 
(ml/2 hr) 





7.4 + 1.1 (5) 
7.2 + 0.7 (5) 


APL 8.7 + 1.4 (5)* 
Control 8.5 + 0.8 (5) 





Cell dehydration produced by subcutaneous injection of 4 cc/kg, 
10% NaCl solution. 

*Results are mean amount drunk above non-treatment baseline 
plus or minus standard error of mean. Bracketed numbers are N’s. 


brain barrier and displays high levels of All specific binding 
in the rat [14,28]. Therefore, it seems possible that AII acts 
in the AP to inhibit drinking. Alternatively, the AP might be 
responsible for terminating extracellular drinking in response 
to osmotic dilution of the extracellular fluid. Several inves- 
tigators have in fact demonstrated that extracellular thirst is 
prematurely terminated prior to repair of extracellular vol- 
ume deficits [3,29]. This premature termination of extracellu- 
lar thirst has in fact been associated with osmotic dilution 
[29]. The AP appears to contain osmosensitive units [10] and 
it is possible that destruction of these units releases extracel- 
lular thirst from osmoinhibitory feedback. 

A third potential mechanism by which AP lesions could 
cause enhanced drinking in response to All is through 
lesion-induced abolition of cardiovascular effects of AII. The 
AP has been implicated in the control of blood pressure in 
some species [2, 13, 19]. For example, destruction of the AP 
is reported to abolish the pressor response to intravertebral 
artery infusion of AIl in the dog and rabbit [19,31]. In addi- 
tion, AP ablation reportedly attenuates one kidney Goldblatt 
hypertension in the dog [26]. Therefore, it is possible that 
exaggerated drinking in response to All is due to a reduced 
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FIG. 4. Drinking elicited by polyethylene glycol (PG) in APL (N=8) 
and control (N=9) rats in the absence of food. Left figure panel 
illustrates cumulative water intake over 8 hr following PG injection. 
Baseline intakes for APL and control rats were not different and are 
represented by a single line. Right panel shows total water intake 
over 24 hr following PG. APLs drank significantly more water 
(29.7+3.0 ml) than controls (1 5 ml) over 24 hr following PG 
injection (p<0.01). Baseline intakes for APL (13.6+4.6 ml) and con- 
trol (8.8+2.4 ml) groups were not statistically different (p>0.1). 


hypertensive effect of AII in APL rats. However, Haywood 
et al. [15] found that AP lesions did not alter the pressor 
response to AIlI administered into the vertebral or carotid 
artery of the rat. Furthermore, AP lesions did not alter the 
pressor response to intracerebroventricular AII infusion in 
the rat. Nor did APL rats display any attenuation of single 
kidney hypertension [15]. Since the AP does not appear to 
mediate the central pressor effects of AII in rats, it would be 
difficult to interpret our findings as the result of diminished 
pressor efficacy of AIl in our lesioned animals. Furthermore, 
APL rats exhibited enhanced drinking in response to two 
releasers of endogenous AII, PG and isoproterenol, neither 
of which cause elevation of blood pressure in rats. These 
results further support our contention that increased drink- 
ing by APL rats does not result from a diminished pressor 
effect of AII. 

Our parenteral dose of AII was large and could have had 
behaviorally important actions on brain structures within the 
blood brain barrier. However, APL rats did drink more than 
controls in response to isoproterenol and PG. Drinking in 
response to these challenges is believed to be mediated in 
part by blood-borne AII [1, 11, 17, 18, 24, 25] acting in the 
subfornical organ. AII generated during such extracellular 
challenges would be unlikely to pass the blood brain barrier 
[22]. Nevertheless, isoproterenol and PG are complex chal- 
lenges which elicit thirst by mechanisms which do not totally 
depend upon AII [30]. Therefore, additional experiments will 
be necessary in order to determine whether overdrinking by 
APL rats occurs in response to blood-borne AII or only after 
All doses or routes of administration which circumvent the 
blood brain barrier. 

Rats bearing AP lesions excrete the same volume of urine 
and sodium as control rats. Furthermore, loading with salt or 
water did not produce an exaggerated natriuresis or diuresis 
in APL rats. These results suggest that APL rats are not 
drinking exaggerated amounts of water simply because they 
have an increased water or sodium loss. Rather, increased 
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TABLE 2 


TWENTY-FOUR HOUR WATER INTAKE, URINE VOLUME AND 
URINE SODIUM EXCRETION IN THE ABSENCE OF FOOD FOR APL 
(N=5) AND CONTROL RATS (N=3) AFTER SHAM INTUBATION (NO 
LOAD) AND FOLLOWING 10 ml INTRAGASTRIC LOADS 
OF DISTILLED WATER OR 0.4 N NaCl SOLUTION 





Urine Volume Urine Sodium 
(ml) Excretion (mEq) 


Water Intake 





No load 
APL é zm i 3 0.43 + 0.15 


Control 0.26 + 0.14 


Water load 
APL a k : 0.42 + 0.09 


Control 0.31 + 0.07 


Sodium load 
APL 2. 3.9 3+ 4.0 2.40 + 0.20 


Control : 1.9 52063 2.11 + 0.43 





No significant differnces between APL and control rats for any 


parameter measured (p>0.1). 
*Results are mean amount plus or minus standard error of mean. 


drinking by APL rats appears to be a primary behavioral 
effect of the lesion. 

Enhanced drinking response to AII appeared soon after 
All injection. Furthermore, the large difference in AII in- 
duced intake between APL and control rats persisted 
throughout the 2 hr test. However, the drinking responses to 
PG or isoproterenol are more complicated. APL rats exhib- 
ited enhanced drinking in response to isoproterenol during 
only the first 60 min of the 2 hr test. Enhanced drinking by 
APL rats was apparent by 8 hr post-PG, and was statistically 
significant at 24 hr post-PG. We cannot explain the differ- 
ence in drinking kinetics between exogenous AII, PG and 
isoproterenol challenges. However, the differences might be 
related to the speed with which an AP-detected 
antidipsogenic signal develops under these three different 
conditions. In fact, Rettig et a/. [25] have shown that the 
threshold blood pressure for kidney (renin) dependent 
isoproterenol-induced drinking is higher than the threshold 
pressure for the kidney independent component of this re- 
sponse. Thus, it is possible that after a subcutaneous bolus of 
isoproterenol, the All-mediated drinking occurs early in the 
test and is later overshadowed by non-AlI-mediated mech- 
anisms. If AII is primarily responsible for the early portion of 
isoproterenol-induced drinking, then damage to the AP 
might selectively enhance this component of the drinking 
response. 

The long time period required for development of en- 
hanced drinking by our rats in response to PG may reflect the 
great variability in the onset of drinking in response to this 
challenge in our laboratory. In fact, some rats in both APL 
and control groups did not begin drinking until 6 hr post-PG 
injection. Regardless of the reason for our difficulties with 
the PG challenge, the persistence of AP lesion-induced over- 
drinking for 24 hr suggests that the conditions which allow it 
to occur are probably long lasting after PG treatment. 

Our results demonstrate that rats with lesions of the AP 
display exaggerated drinking in response to two extracellular 
thirst challenges and injection of exogenous AII. These find- 
ings suggest that the AP may contain receptors which inhibit 
drinking in response to extracellular dehydration. 
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AXELSON, J. F. AND B. C. BRUOT. An improved jugular cannulation procedure and cannula storage apparatus. 
PHYSIOL. BEHAV. 295) 949-951, 1982.—A jugular cannulation technique is described which significantly improves 
existing procedures for withdrawing sequential blood samples from small laboratory animals. The procedure provides an 
improved method of storing the cannula in an innocuous protective apparatus allowing long-term serial bleeding. 


Jugular cannulation Serial bleeding 





JUGULAR cannulation in the rat as a method for obtaining 
blood samples in the unanesthetized animal is a well- 
documented technique [1, 2, 4]. Existing techniques allow 
blood samples to be withdrawn without handling the animal 
[3]; however, the techniques utilize materials and methods to 
secure and protect the cannula which hinder normal behav- 
ioral processes. These techniques use tethers which fail to 
allow freedom of animal movement, or protective devices 
that are both large and cumbersome, often resulting in signif- 
icant tissue necrosis. High failure rates due to mechanical 
trauma to the cannula or animal destruction to an un- 
protected cannula are also common problems with existing 
procedures. We have made improvements to existing cannu- 
lation techniques which utilize an inexpensive, innocuous 
cannula storage device. The cannula storage apparatus al- 
lows the experimenter access to the cannula, permitting se- 
rial bleeding from unanesthetized animals immediatel¥ prior 
to or following behavioral testing. 


METHOD 


Two groups of animals were cannulated and used in two 
separate studies which profiled diurnal steroid and peptide 
hormone levels. All animals were adult Sprague-Dawley 
female rats weighing between 200-250 g. Animals were 
housed individually in standard stainless steel cages with 
food and water available ad lib. Animal rooms were main- 
tained under a 12/12 light/dark cycle with lights on at 0700 hr. 

Silastic tubing (0.64 mm i.d. x 1.19 mm o.d.) was cut into 
30 cm sections. Forty-eight hr prior to cannulation, a small 
drop of Silastic (Silastic R/O Dow Corning Corporation Med- 
ical Products, Midland, MI, USA 48640) Medical Adhesive 
(approximately 2 mm in diameter) was applied around each 
cannula near the end to be inserted into the jugular vein. This 
Silastic adhesive served as a base for securing the cannula to 
the vein. The exact position of the Silastic base was deter- 





mined so that the distal end of the cannula lies rostral to the 
atrium when the cannula was inserted into the vein (Fig. 1). 
This position is obtained by adhering the Silastic base 2.5 cm 
from the distal end of the cannula for a 200-250 g Sprague- 
Dawley female rat. 

Prior to surgery, a 22 ga, '/2 inch industrial blunt needle 
(Pharmaseal Laboratories, Glendale, CA 91201) was at- 
tached to a tuberculin syringe which was inserted into the 
proximal end of the cannula. The cannula was then filled 
with heparinized (100 IU/ml, 0.9% NaCl) saline. Animals 
were anesthetized with diethyl ether and a 3 cm incision was 
made on the ventral-lateral aspect of the neck. Using blunt 
dissection, the right jugular vein was exposed and surround- 
ing connective tissue was carefully cleaned from the vein. 
Two 8 cm pieces of 4.0 silk suture thread were used as liga- 
tures and positioned as seen in Fig. |. The superior ligature 
(A) was tied first to prevent blood flow from the cranium, 
and a small (1 mm) incision was made on the lateral aspect of 
the vein (Fig. 1). The cannula was carefully inserted into the 
vein until the Silastic base rested on the incision, at which 
time the inferior ligature (B) was lightly secured around both 
the vein and cannula. Care was taken not to constrict the 
cannula by securing the inferior ligature (B) too tightly. This 
ligature (B) must remain relatively loose. A drop of cyanoac- 
rylate glue (Permabound R/O, International Adhesive Corp., 
Englewood, NJ 07631) was then placed directly onto the vein 
and Silastic base. This step provided additional anchorage 
for the cannula and prevented leakage from the point of can- 
nulation. The superior ligature (A) was then lightly secured 
around the cannula. After the cannula was tested for pa- 
tency, it was irrigated with heparinized saline, disconnected 
from the syringe and sealed with a small knot at the end of 
the tubing. The cannula was then inserted through the con- 
nective tissue on the lateral aspect of the neck and exter- 
nalized through a small (0.5 cm) incision on the dorsal side of 
the head between the ears. 


'This work was supported by NIH grants 5-T32-AM0798, RO1-HD-13503 and 5-F32-HD05901. 
*Requests for reprints should be sent to John F. Axelson, Psychology Department, College of The Holy Cross, Worcester, MA 01610. 
3Current address: Brent C. Bruot, Department of Biological Sciences, Kent State University, Kent, OH 44242. 


Copyright © 1982 Pergamon Press—003 1-9384/82/110949-03$03.00/0 





FIG. 1. Ventral view of right jugular vein. (A) Superior ligature. 
Inferior ligature. (C) Silastic base. 


FIG. 2. View of cannulated rat with Velcro storage apparatus. 


A 4x2 cm strip of Velcro (Velcro USA, Inc., Manchester, 
NH 03108) materia! was utilized as a protective storage de- 
vice for the externalized cannula. The Velcro material was 
separated, and a small hole was cut through the ‘‘male”’ 
piece. The cannula was passed through this hole, and the 
material was sutured to the dorsal aspect of the animal at the 
point where the cannula was externalized. The cannula was 
then coiled and ‘‘sandwiched’’ between the ‘“‘male’’ and 
‘*female’’ pieces of material. Two groups of animals were 
cannulated as described above. In the first group, sixteen 
animals were allowed 72 hr to recover from surgery before 5 
daily 0.4 ml blood samples were collected at 0500, 0900, 
1300, 1700, and 2100 hr for two consecutive days. The sec- 
ond group of twenty-nine animals were allowed 48 hr to re- 
cover from surgery before 3 daily 0.4 ml blood samples col- 
lected at 0730, 1300 and 1830 hr for two consecutive days. 

When blood samples were obtained, the experimenter 
separated the 2 pieces of Velcro, uncoiled the cannula and 
extended it outside of the animal’s cage. The sealed proximal 
end of the cannula was then cut off in order to attach a 22 ga 
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FIG. 3. View of experimenter obtaining blood sample from cannu- 
lated rat. 


industrial blunt needle and tuberculin syringe. Following re- 
moval of the blood sample the cannula was irrigated with 
heparinized saline, a knot was tied in the proximal end of the 
cannula and it was stored between the two strips of Velcro. 


RESULTS AND DISCUSSION 


In the initial group of 16 animals, 5 daily blood samples 
were successfully taken from 15 animals on the 4th day fol- 
lowing surgery and from 13 animals on the Sth day. In the 
second group of 29 animals, 3 daily blood samples were suc- 
cessfully obtained from 28 animals on the 3rd day following 
surgery and from 27 animals on the 4th day. The Velcro 
material successfully protected the cannulas from all animals 
and any observed failures were due to blood clots or struc- 
tural blockage within the jugular vein. 

We have found Silastic tubing less stressful to the animal 
than polyethelene (PE) tubing. Also, the elastic properties of 
Silastic tubing allow easier handling without damage to the 
cannula. Since Silastic tubing is more flexible than PE tubing 
we found that the ligatures should be lightly secured to avoid 
constricting the cannula. Both the Silastic adhesive and 
cyanoacrylate glue provide additional anchorage while suc- 





JUGULAR CANNULATION 


cessfuliy preventing movement and/or leakage from the can- 
nula. 

This procedure does not provide a tether to protect the 
cannula during blood withdrawal. However, we have not 
observed any animal induced damage to the cannula while 
obtaining blood samples. Since the Velcro material allows 
animals complete freedom of movement, this technique 
permits serial bleeding from unanesthetized animals im- 
mediately prior to or following behavioral testing. Prelimi- 
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nary results indicate this procedure can be successfully 
applied to a number of behavioral paradigms including cir- 
cadian activity cycles and sexual behavior. Housing of can- 
nulated animals in grouped conditions should be avoided as 
cage mates may eventually damage the Velcro and cannula 
system. Although this technique was developed in rats, it 
should be easily adaptable to many other laboratory species, 
such as hamsters and guinea pigs. 
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MICELI, M. O. AND C. W. MALSBURY. Sagittal knife cuts in the near and far lateral preoptic area-hypothalamus 
reduce ultrasonic vocalizations in female hamsters. PHYSIOL. BEHAV. 29(5) 953-956, 1982.—Although it has been 
reported that lesions of the medial preoptic area reduce ultrasonic vocalizations in female hamsters, the neural connections 
of this area important for ultrasound production have not been investigated. We, therefore, tested vocalizations in female 
hamsters following sagittal cuts along the medial preoptic area-medial anterior hypothalamic continuum (MPOA-MAH) at 
either the medial (Near Lateral or NL cuts) or lateral (Far Lateral or FL cuts) border of the medial forebrain bundle (MFB). 
Bilateral NL and FL cuts did not affect spontaneously occurring vocalizations or vocalizations occurring during contact 
with males, but were equally effective in substantially blocking increases in vocalizations following exposure to males. 
Another group of animals with a unilateral NL cut and a contralateral FL cut showed a vocalization deficit comparable to 
that in NL and FL groups, suggesting that NL and FL cuts severed a common pathway important for ultrasonic calling. 
These results indicate that the lateral connections of the MPOA-MAH are critical for ultrasonic vocalizations. 
Alternatively, a ventral pathway from the medial amygdala to the bed nucleus of the stria terminalis, one which crosses the 
plane of both NL and FL cuts, is discussed in relation to the deficits observed. 

Medial preoptic area-medial anterior hypothalamic continuum Medial amygdala 
Knife cuts Hamster 
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along the medial preoptic area-medial anterior hypothalamic 
continuum (MPOA-MAH) [12]. Cuts were placed at either 
the medial or lateral border of the medial forebrain bundle 
(MFB). The same animals were also tested for ultrasonic 
vocalizations in order to determine whether axons important 
for ultrasonic vocalizations cross the plane of these cuts. 


ALTHOUGH lordosis constitutes a large and salient portion 
of female hamsters’ mating activity, females of this species 
engage in several other sexual behaviours important for re- 
productive success. Females, for example, communicate 
sexual receptivity and location to nearby males with high 
frequency vocalizations (ultrasounds) [4]. Females also 
facilitate penile intromission by shifting their pelvis toward 


the side of unilaterally applied perineal stimulation (lateral METHOD 


displacement response) [14]. 

Recent knife cut studies have revealed that the lateral 
connections of the ventromedial hypothalamic nucleus (VMN) 
are critically important for lordosis in the female hamster 
[10,17]. While considerable headway has been made in the 
localization of a hypothalamic pathway necessary for lordosis, 
comparatively little is known about the hypothalamic cir- 
cuitry mediating other mating behaviours in the female 
hamster. It appears that medial preoptic area lesions se- 
verely reduce the production of ultrasounds [11]. However, 
the connections of the medial preoptic area important for 
ultrasonic calling have not been identified. 

In a study of maternal behaviour in the hamster, we var- 
ied the mediolateral placement of sagittal plane knife cuts 
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Subjects 

Hamsters were purchased from the Canadian Breeding 
Laboratories which obtain their stocks (outbred strain 
LAK:LVG) from the Lakeview, NJ, hamster colony. At the 
onset of the experiment animals were 90-110 days old and 
weighed 90-130 g. 


Housing and Maintenance 


At the onset of the experiment animals were transferred 
from suspended wire-mesh cages and permanently housed in 
solid bottom Plexiglas tub cages (27x44x20 cm). These 
cages were modified with a lid allowing a wire-mesh tunnel 
ending at a food jar to adjoin the cage (see [12]). Animals 
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were provided with woodchips and paper towelling for nest- 
ing material. The colony room was maintained on a 14:10 hr 
L:D cycle with lights on at 1600 hr. Room temperature was 
maintained at an average of 23° C. Water and lab chow were 
available ad lib. 


Surgery 


Fifteen animals received bilateral sagittal cuts im- 
mediately lateral to the MPOA-MAH (i.e., medial to the 
MFB). These animals are referred to as the Near Lateral 
(NL) hamsters. Another 12 animals sustained cuts identical 
to those in the NL group in the rostrocaudal extent, but 
lateral to the MFB, and are referred to as Far Lateral (FL) 
hamsters. Four animals initially intended for the NL or FL 
group sustained cuts that were mediolaterally asymmetrical 
(i.e., medial to the MFB on one side, and lateral to the MFB 
on the contralateral side). These animals were pooled to 
form group ASYM. 

Surgery was performed under sodium pentobarbital (65 
mg/kg) anesthesia. Animals were placed in a stereotaxic in- 
strument with the head adjusted such that the midline suture 
between bregma and lambda was on a horizontal plane. The 
knife cuts were placed according to a skull-flat atlas of the 
hamster hypothalamus [9]. Coordinates for NL cuts were 1.7 
mm anterior to bregma and 1.1 mm lateral to the midline; and 
for FL cuts, 1.7 mm anterior to bregma and 2.1 mm lateral to 
the midline. 

For both cuts (NL and FL) a 30 ga cannula was lowered 
4.7 mm from the dura at which point a 0.1 mm tungsten wire 
was extruded 1.8 mm, facing caudally in the sagittal plane. 
The cannula was then lowered 2.2-2.4 mm further and re- 
turned to 4.7 mm below the dura. At this point the wire was 
retracted back into the cannula and the cannula withdrawn 
from the brain. Control animals had the cannula lowered 4.7 
mm from the dura, but the wire was not extended nor was 
the cannula lowered further. Half of the surgical shams had 
the cannula lowered at 1.1 mm lateral to the midline, and the 
other half at 2.1 mm lateral. After knife cuts or sham cuts 
were made bilaterally, holes were sealed with bone wax and 
wounds closed with silk sutures. 


Procedure 


Prior to testing for ultrasonic vocalizations, animals 
underwent a series of tests for maternal behaviour (see [12]). 
At least 10 days elapsed between surgery and the vocaliza- 
tion test. Vocalization tests were conducted in a dimly lit 
room away from other animals on the day of proestrus. 
Hamsters were tested in their home cages with the cage lids 
removed. 

A microphone was held perpendicularly, approximately 
10 cm above the top of the cage. Ultrasonic calls were made 
audible through headphones connected to a Holgate ul- 
trasonic receiver, tuner adjusted to 35 kHz. Ultrasonic vocal- 
izations were counted for five min prior to the introduction 
of a stud male (Premale) and for five min following the re- 
moval of the male (Postmale). The male was removed from 
the female’s cage after it had made two mounts or after five 
min, whichever occurred first. Vocalizations were also 
counted while the female was with the male (With Male), but 
only during those periods when the female was not in lor- 
dosis, as females do not vocalize while in lordosis [4]. We 
could not distinguish between a female’s and a male’s vocal- 
izations during the With Male period, and can only assume 
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that the males’ vocalizations did not bias this portion of the 
data since individual males were randomly distributed 
among the groups. Premale and Postmale call rates were 
calculated by dividing the total number of vocalizations 
counted during these periods by five. With Male call rates 
were calculated according to the following equation: 


total With Male vocalizations x 60 
total With Male time (sec) 





With Male call rate = 


Following these observations, the females were mated 
and underwent another series of maternal behaviour tests 
before sacrificing. 


Histology 


Animals were deeply anesthetized with sodium pen- 
tobarbital and perfused intracardially with saline followed by 
10% phosphate buffered Formalin. Brains were removed 
from the skull and stored in formalin. Frozen brains were 
sectioned at 50 microns in the frontal plane and stained with 
hot formol-thionin [3]. 


RESULTS 
Histology 


Examination of the brain sections was conducted with the 
evaluator blind to individual subject’s behaviour. Cuts were 
considered to have begun rostrally at the rostrocaudal level 
at which they extended at least 1 mm dorso-ventrally. Dor- 
sally, the typical cuts began just under, or in a few cases, 
infringing on the ventral portion of the anterior commissure 
at the rostral extent, and slightly dorsal to the paraventricu- 
lar nucleus at the caudal extent. This was the case for both 
NL and FL cuts. Cuts in both groups were reasonably sym- 
metrical rostrocaudally and mediolaterally. Typical NL cuts 
were 0.2-0.3 mm medial to the supraoptic nucleus anteriorly, 
and immediately lateral to the fornix posteriorly. FL cuts 
were lateral to or at the lateral edge of the supraoptic nu- 
cleus. Approximately 30% of the FL cuts and 50% of the NL 
cuts began rostrally at the level of the MPOA in the region of 
the anterior commissure and ended caudally at the level of 
the crossing of the anterior commissure and ended caudally at 
the level of the paraventricular nucleus. The remaining cuts 
were placed slightly caudal, beginning rostrocaudally at the 
level of the MAH. In the ASYM group, the NL and FL halves 
of the cuts were placed as described for bilaterally placed NL 
and LF cuts. For illustrative histology see [12]. 


Vocalizations 


In the NL group, three animals did not show regular es- 
trous cycles (as determined by the Orsini [16] method) and 
four were cycling, but did not show behavioural estrus 
within 10 days after surgery. To induce receptivity, these 
seven animals were hormone primed prior to the vocaliza- 
tion test and mating. Estradiol benzoate (62 ug/kg) was ad- 
ministered 47 hr before, and progesterone, (3 mg/kg) 5-7 hr 
before testing. Hormones were given by subcutaneous injec- 
tion in approximately 0.1 ml of oil. Although we did not quan- 
tify lordosis in this study, all but two of the hormone primed 
NL animals appeared to have shown normal receptivity dur- 
ing the test. That is, five of these animals showed lordosis in 
response to contact by the male, and the maintenance of the 
posture after the male dismounted. Of the two not showing 
normal receptivity, one would not show any lordosis in re- 
sponse to many attempts at mounting by a vigorous male. 





HYPOTHALAMIC KNIFE CUTS AND ULTRASOUNDS 


TABLE 1 
RATES OF ULTRASONIC VOCALIZATION 





Mean Call Rates* (+S.E.M.) 


Premale With Male Postmale 





1.64 (0.54) 10.58 (2.44) 
1.38 (0.25) 2.97 (1.07) 
2.72 (0.64) 5.18 (1.36) 
0.83 (0.48) 2.10 (0.77) 


0.53 (0.36) 
0.27 (0.23) 
0.33 (0.25) 
0.11 (0.06) 





*Calls/minute. 


The other animal did show lordosis (flattening of the back 
and elevation of the rump) but not the accompanying immo- 
bility characteristic of the posture and would not maintain 
the posture following the male’s dismounts. All but one (the 
animal not showing any lordosis during the test) of the 40 
animals in this study were subsequently impregnated. 

A two-way analysis of variance with repeated measures 
on one factor was conducted. The analysis revealed no 
overall group difference, but call rates did increase over 
trials and this increase was greater in the SHAM group, 
F(2,72)=23.51, p<0.0001 and F(6,72)=4.63, p<0.006, re- 
spectively. Subsequent tests on simple main effects [18] in- 
dicated that groups did not differ in Premale and With Male 
call rates, but during the Postmale period SHAMS had higher 
call rates than any of the other groups, p<0.01. NLs, FLs, 
and ASYMs did not differ on Postmale call rates. Variances 
tended to be large, yet, homogenous (see Table 1). NL animals 
that did or did not receive hormone injections did not differ in 
vocalization rate (e.g., mean Postmale call rates for hormone 
primed and non-primed animals were 1.71 (+0.37) and 4.07 
(+1.71) calls/minute, respectively; p=0.12, two-tailed t-test). 


Correlation of Histology with Vocalizations 


In order to determine whether animals with rostrally 
placed cuts (in the region of the MPOA) differed from those 
with caudally placed cuts (in the region of the MAH) in vo- 
calization rates, a two-way analysis of variance (mediolateral 
cut placement x rostrocaudal cut placement) was con- 
ducted. There were no significant differences between those 
animals with cuts extending rostrally into the MPOA and 
those animals whose cuts began at the level of the MAH. A 
mediolateral placement Xx rostrocaudal placement interac- 
tion also was non-significant. Further examination revealed 
that those animals with cuts extending from the level of the 
rostral tip of the suprachiasmatic nucleus to the level just 
rostral to the ventromedial nucleus (+1.2 to +0.1 AP in the 
brain atlas used here) had the lowest call rates. 

Cut placements in the three NL animals which did not 
show normal estrous cyclicity did not differ systematically 
from NL animals with regular cyclicity. However, the four 
cycling, but initially unreceptive females which received ex- 
ogenous hormones, had cuts that extended the furthest 
posteriorly. In each case, the cuts extended caudally to the 
level of the rostral portion of the ventromedial nucleus. 


DISCUSSION 


Interpretation of the effects of NL cuts on ultrasonic 
vocalization rates is somewhat hampered because approx- 
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imately half of the NL animals were either not showing nor- 
mal cyclicity or behavioural estrus following surgery. How- 
ever, we believe that the disruptive effects of NL cuts on 
vocalization rates are primary, and not mediated by a possi- 
ble hormonal imbalance because these animals were hor- 
mone primed for the vocalization test and these relatively 
high doses of estradiol benzoate and progesterone did induce 
receptivity in most animals. It has been previously demon- 
strated that similar hormone priming can maintain ul- 
trasound production in ovariectomized, but hypothalam- 
ically intact hamsters [5]. 

The major finding of the present study is that NL, FL and 
ASYM knife cuts selectively attenuated or blocked increases 
in ultrasonic vocalizations which normally follow exposure 
to a male. The cuts did not appear to alter the production of 
spontaneously occurring vocalizations or vocalizations 
which occur during contact with males. 

Vocalization rates of NL and FL animals were not signifi- 
cantly different from each other or from those of ASYM 
hamsters. This suggests that NL and FL cuts disrupted a 
common pathway important for ultrasonic vocalizations. As 
noted earlier, Merkle and Floody [11] found that lesions 
aimed at the MPOA depressed ultrasound production in the 
female hamster. It may be that the lateral connections of the 
MPOA-MAH are important for ultrasound production, just 
as they are for maternal behaviour [12]. It is also possible 
that NL and FL cuts reduce vocalizations by severing lateral 
connections of the nearby bed nucleus of the stria terminalis 
(BNST). 

Recently, a ventral amygdalofugal pathway has been de- 
scribed in the hamster which originates in the medial nucleus 
of the amygdala and projects medially to the BNST [7]. This 
pathway may have been cut by both NL and FL cuts of this 
study. Interruption of this pathway in male hamsters reduces 
or eliminates copulatory behaviour [7]. Given that olfactory 
bulbectomy also eliminates male hamster mating behaviour 
[13], Lehman, Winans and Powers [8] argue that olfactory 
connections with the medial amygdala are important for this 
behaviour. The medial amygdala, in turn, may relay olfac- 
tory information controlling male copulatory behaviour to 
the MPOA-MAH by way of its ventromedial connection with 
the bed nucleus of the stria terminalis. A similar or identical 
circuit may also be important for ultrasound production. It 
has recently been established that olfactory bulbectomy re- 
duces ultrasound production in female hamsters [6]. The ef- 
fects of discrete damage to the medial amygdala and bed 
nucleus of the stria terminalis on ultrasonic vocalizations 
remain to be seen. Such studies should prove useful in de- 
termining whether ultrasound production is neurally organ- 
ized in the same manner as male copulatory behaviour, with 
both behaviours dependent on particular central projections 
of olfactory structures. 

Although there is considerable overlap in neural damage 
imposed by the type of knife cuts in this study (MPOA- 
MAH) and the type of cuts that disrupt lordosis (MAH-VMN 
{10]), our data suggest that the more rostral cuts can result in 
a deficit in ultrasound production without an obvious dis- 
ruption of lordosis. The available studies, then, strongly 
suggest that the various components of female hamster sex- 
ual behaviour have separate neural representations at the 
hypothalamic level. In the hamster, it appears that be- 
haviours that correspond to what Beach [1] has termed 
‘“‘proceptivity”’ (i.e., appetitive sexual behaviours) are 
mediated by rostral hypothalamic neurons; whereas, recep- 
tivity (lordosis) is mediated by more caudal hypothalamic 
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tissue. VMN lesions disrupt lordosis, but not ultrasound 
production; and conversely, MPOA-MAH lesions reduce ul- 
trasonic calling but spare lordosis [11]. Also consistent with 
the view of separate hypothalamic control of receptivity and 
proceptivity in the hamster is the fact that unilateral knife 
cuts lateral to the VMN selectively reduce lordosis but not 
the lateral displacement response [17]. To further this idea, it 
would be interesting to determine whether the MPOA-MAH 
and its lateral connections are important for the lateral dis- 
placement response and other proceptive behaviours (e.g., 
approaching males) and to see whether more caudally placed 
cuts are ineffective at reducing ultrasonic vocalizations. If 
such proves to be the case, a rather striking species differ- 
ence in hypothalamic control of mating behaviour between 
rats and hamsters would emerge. In the rat, MPOA-MAH 
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damage does not alter male-soliciting behaviours (hopping- 
darting and ear-wiggling) [15]. Moreover, it has recently 
been demonstrated that the VMN and its lateral connections 
are important for both receptivity and proceptivity in the 
female rat [2]. 
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TURNER, F. D. AND F. H. GAGE. Behavioral kinetics: Dynamics of the unconditioned response to footshock. 
PHYSIOL. BEHAV. 29(5)957-960, 1982.—The purpose of this paper is to present an instrument and behavioral assay for 
monitoring the unconditioned response to footshock in the rat. The instrument provides measures of the total force exerted 
by a subject in response to a footshock, the duration of the subject’s response, and the subject's latency to respond to the 
stimulus. The assay is developed to minimize the error variance inherent in behavioral measurements. In the second part of 
this paper, the relationships between the response and the physical parameters of the stimulus are investigated. The total 
force exerted by a subject, and the duration of the subjects response are linearly related to the multiplicative interaction of 
stimulus current and stimulus duration. The subject's latency to respond is curvilinearly related to stimulus current alone. 
The form of this relationship is hyperbolic. These results are discussed in the context of the measurement of behavioral and 


psychophysical processes in psychobiological research. 
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IN recent years, electrophysiological, biochemical and 
anatomical assays have been developed which enable re- 
searchers to reliably monitor small alterations in the physi- 
ological functioning of the nervous system. The development 
of behavioral assays, however, has not paralleled the devel- 
opment of physiological assays. When a behavioral response 
is to be related to underlying physiological function, the va- 
lidity of the conclusions drawn will depend on the reliability 
and sensitivity of the behavioral assay which is used. Be- 
cause of this crucial role of behavioral measurements in 
psychobiological research, the development of behavioral 
measurements requires extensive consideration. 

Several behavioral assays have been developed for 
measuring the unconditioned response to footshock. Re- 
cently developed behavioral assays [2, 4, 6, 8] employ in- 
struments which measure the amplitude of the largest 
movement made by a subject in response to the stimulus. 
This type of instrument has been used successfully to inves- 
tigate the behavioral effects of several physiological manipu- 
lations [2, 4, 6], and the measurements obtained appear to be 
reliable and reasonably sensitive to behavioral changes. The 
instrument to be presented in this paper is an elaboration of 
this type of instrument. 

In general, when a subject is presented with a footshock 
stimulus, a number of movements are made. Thus, if the 
only measurement of a subject’s response is the amplitude of 
the largest of these movements, the measurement does not 
permit a complete assessment of the actual response. The 
instrument which will be discussed in this paper provides a 





more complete assessment of the subject's behavior by in- 
corporating several measures of the response to footshock. 

When the physical parameters of a stimulus are held con- 
stant, there are two primary sources of variance which con- 
tribute to the measured variance in the responses of subject’s 
to that stimulus. One source of variance is attributable to 
differences in the expected response to the stimulus of indi- 
vidual subjects. The second source of variance is associated 
with differences within the responses of individual subjects 
to a presentation of the stimulus. 

If there is no systematic alteration in a subject's response 
due to repeated stimulus presentations, the mean of single 
responses to several presentations of a stimulus may be used 
as an approximation of the mean of the possible responses to 
a single presentation of a stimulus, thus reducing the be- 
tween subject variance. 

Pilot studies in our laboratory indicate that when more 
than five trials are used to calculate the subject's mean re- 
sponse, the reductions in the between subject variance are 
not appreciably greater than when five trials are used. There- 
fore, in the current study we have chosen to use no more 
than five stimulus trials for any subject in any test session. 

A footshock stimulus has two parameters which may af- 
fect the response of the subject. The effect of stimulus cur- 
rent intensity (1) on the response to footshock has been in- 
vestigated in a number of studies using a variety of tech- 
niques [2, 4, 6, 8]. The effects of the duration (t) of a foot- 
shock stimulus have not been investigated with respect to 
the unconditioned response to footshock. A study by 
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FIG. 1 (A) Schematic circuit diagram and key. (B) Schematic representation of circuit response. Letters in B represent responses recorded 
from the correspondingly lettered points in A. For detailed wiring diagrams of IC6, IC8, and IC9 see [3]. 


Church, Raymond, and Beauchamp [1] demonstrated that 
the suppression of free operant responding by footshock is a 
function of the multiplicative interaction of stimulus current 
and duration. 

The purpose of this paper is twofold. First we will present 
a sensitive and reliable instrument for use in measuring the 
unconditioned response to footshock in the rat. We will then 
discuss the use of this assay to determine the relationship 
between the response of subjects to electrical footshock and 
the physical parameters (duration and intensity) of the stimu- 
lus. 


METHOD 
Subjects 


The subjects used in this study were Sprague-Dawley rats 
between 80 and 100 days old. Subjects were individually 
housed under a 12 hour light/dark cycle with free access to 
food and water. Testing was done in dim light 4 to 8 hours 
after the beginning of the dark phase of the cycle. 


Apparatus 


The basic apparatus used in this study has previously 
been described in detail by Gage, Armstrong and Thompson 
[2]. The basic apparatus consists of a test box which is wired 
to present footshock, and balanced on a force transducer. 
The apparatus is designed so that forces exerted by a sub- 
ject’s movements in the test box are translated into voltages 
and recorded with a polygraph. 

The modified apparatus used in this study electronically 
monitors the output of the polygraph driver amplifier and 
provides three indices of a subject’s response to shock. La- 
tency to respond (LAT) is the elapsed time from shock onset 
until the momentary force exerted by a subject exceeds a preset 


threshold level. Response duration (DUR) is the period of 
time a subject’s responses occur with an amplitude greater 
than a preset threshold level and a frequency greater than 
one per second. The third measure (INT) is proportional to 
the dynamic forces exerted by the subject integrated over the 
previously defined response duration. 

The electronic circuitry used to monitor the output of the 
polygraph amplifier is shown schematically in Fig. 1A. The 
input is AC coupled at the input to IC2 and the output of IC2 
rectified, so that only the voltages due to the subject’s 
movements in the chamber are recorded. Temporal meas- 
urements (LAT and DUR) are made using linear voltage 
ramp circuits, so that all three measures may be recorded 
with a digital voltmeter. 

Scrambled shock stimuli are provided by a Grason Stad- 
ler model 700 shock generator. The shock schedule is con- 
trolled by conventional relay equipment. 

Initiation of a shock stimulus causes the monostable timer 
IC6 to produce a | msec output pulse. The output pulse from 
IC6 triggers the retriggerable one-shot IC8 (see D and G Fig. 
1B). The output of the retriggerable one-shot IC8 opens 
channel | of the analog switch ICS thus permitting the input 
from the polygraph to the monitoring circuitry (see B Fig. 
1B). The input from the polygraph is integrated by IC3 to 
produce the integrated force measure (INT). The polygraph 
input also provides additional triggers to the retriggerable 
one-shot IC8 via the output of the voltage comparator IC7. If 
a period greater than one second occurs during which the 
retriggerable one-shot IC8 receives no further input trigger 
pulses, its output will go low, thereby blocking the input 
from the polygraph (see D Fig. 1B). During the period in 
which the output of the retriggerable one-shot IC8 is high a 
constant 15 volts is applied to the input of the linear voltage 
ramp generator IC12. At the end of the response the output of 
this linear voltage ramp generator is read as the uncorrected 
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response duration (DUR) (see Fig. 1B). The output of the 
R/S flip IC9 flop (which is set high by the initiation of a shock 
stimulus and reset by the first output from the voltage com- 
parator IC7) provides a constant 15 V input to the linear 
voltage ramp generator IC 10. At the end of the response, the 
output of the linear voltage ramp generator is read as latency 
to respond (LAT). Shorting across the feedback capacitors 
of the three integrating circuits (IC3, IC10, and IC12) will 
clear the device in preparation for another trial. 

The uncorrected duration of response is recorded from 
the time of shock onset until one second beyond the last 
response of the period of time wherein responses occur with 
a frequency of greater than one per second. To correct the 
recorded DUR it is necessary to subtract the recorded LAT 
plus one second from the recorded DUR. The corrected 
DUR is thus the period of time wherein responses of an 
amplitude greater than a threshold value occur with a fre- 
quency of greater than one per second (see Fig. 1B). 


Calibration of Monitoring Circuitry 


The two temporal measurements (DUR and LAT) are 
calibrated by presenting a shock stimulus with no subject in 
the chamber. Under these circumstances no response can be 
recorded and DUR should read 1.00 V(1.00 sec) and LAT 
should read 10.00 V (1000 msecs). These values were chosen 
for optimal range, resolution, and ease of reading. 

The outputs are adjusted by changing the settings on the 
ten turn potentiometers which control the variable gain of 
amplifiers [C11 and IC13. The polygraph amplifier is set such 
that when a 300 g mass is placed in the center of the chamber 
there is a 280 mV change in the static voltage at the input to 
IC1. The integrated force measure (INT) is calibrated by 


applying 15 volts to the input of ICI with the monitoring 
circuitry held open. The change in voltage due to the charg- 
ing of the capacitor at the input of IC2 is then integrated at 
IC3 and the output adjusted to read 2.00 V by setting the ten 
turn potentiometer on the variable gain amplifier IC4. 


Separation of Responses from Spontaneous Movements 


Reduction of measurement error is an approach used to 
increase the sensitivity of a measurement. When measuring a 
subject’s response to a sensory stimulus, one way to reduce 
measurement error is to insure that the response to the 
stimulus is clearly distinguishable from non-stimulus linked 
behaviors. This reduces the variance produced when the in- 
strument measures irrelevant responses in addition to the 
stimulus evoked responses. The movements made in re- 
sponse to footshock are clearly distinguishable from move- 
ments which are not in response to footshock because of the 
larger amplitude of the subject’s movements in response to 
footshock. 

Ten subjects were placed in the experimental chamber, 
and for each subject, the monitoring circuitry was opened 
ten times for one second on a VT 30 second schedule; how- 
ever shock was not delivered. The maximum voltage occur- 
ring due to the spontaneous movements of the animal was 
then recorded during each one second period by monitoring 
the circuitry at point B (Fig. 1A) with a storage oscilliscope. 
The mean and standard deviation of the maximal voltages 
produced by the spontaneous movements of the subjects 
were calculated across animals and trials. The one-tailed crit- 
ical value for a normalized score with p<0.001 was obtained 
from a table of normal probabilities. Using this critical value, 
and the calculated mean and standard deviation of the volt- 











"20 230 
CURRENT x DURATION 











; 20 "25 
CURRENT x DURATION 











CURRENT 


FIG. 2. (a) Integrated force (INT) of subject’s response plotted rela- 
tive to the multiplicative interaction of stimulus current and stimulus 
duration. (b) Duration of subject’s response plotted relative to the 
multiplicative interaction of stimulus current and stimulus duration. 
(c) Latency to respond to the stimulus plotted relative to stimulus 
current. See text for a description of the units employed. 


ages produced by the spontaneous movements of the sub- 
jects, a threshold value was calculated. With this threshold, 
the probability of a voltage greater than threshold occurring 
due to the spontaneous movements of an average subject is 
less than 0.001. 
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Procedure 


In order to assess the effects of stimulus current (I) and 
duration (t) on the measured response, 18 subjects were each 
presented with one of the 18 possible combinations of the 
following stimulus amplitudes: 0.4, 0.5, 0.6, 0.8, 1.0, 1.3 mA; 
and durations: 100, 200, 300 msec. Each subject was pre- 
sented with 5 stimuli on the first day of testing, and 5 stimuli 
on the second day. Presentations of stimuli were made on a 
VT 30 second schedule. 

Scatter plots were made for each of the three measures as 
a function of stimulus current, duration, and the multiplica- 
tive interaction of stimulus current and duration. These plots 
were examined for both linear and curvilinear trends. 


RESULTS 


The best predictor of a subject’s response to a shock 
stimulus, as measured by INT and DUR, was found to be the 
multiplicative interaction between stimulus intensity and 
stimulus duration. The relationship, shown in Fig. 2A and 
2B, was found to be linear by a least squares criterion, 
(r=.94 for INT and r=.88 for DUR). 

In nearly every case, a subject’s latency to respond to the 
stimulus was less than the duration of the stimulus. It is 
therefore unlikely that the duration of the stimulus has a 
significant effect on the subject’s latency to respond to the 
stimulus. A scatterplot of stimulus current (I) versus LAT 
revealed a curvilinear relationship between I and LAT which 
suggested a hyperbolic relationship between I and LAT. The 
linear transformation of a hyperbolic relationship is a double 
reciprocal plot [5]. This transformation produced a signifi- 
cant least squares solution (r=—.79). The hyperbolic rela- 
tionship between LAT and I is shown in Fig. 2C. 


DISCUSSION 


The results shown in Fig. 2A and 2B demonstrate that 
stimulus current and duration have equivalent effects on the 
subject’s unconditioned response to the stimulus as meas- 
ured by INT and DUR. This implies that the effects of the 
electrical charge passed across the subject on the subject's 
response summate along the temporal duration of the 
stimulus. 

LAT is the period of time from the onset of the stimulus 
until the subject’s first response. The subject’s response as 
measured by INT and DUR demonstrates that the effects of 
the electrical charge passed across the subject on the sub- 
ject’s response summates along the temporal duration of the 
stimulus. A hyperbolic relationship between I and LAT then 
suggests that LAT is a measure of the temporal summation of 
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electrical charge necessary to evoke a response from the 
subject (i.e., stimulus current multiplied by LAT is equiv- 
alent to the total charge passed across the subject at the time 
of the subject’s first response). 

The presence of a Y-asymptote in the relation between I 
and LAT suggests that there is a minumum latency (L,,) to 
respond such that regardless of the amplitude of I, the sub- 
jects cannot respond more rapidly than L,,. L,, is represen- 
tative of physical constraints on the subject, that is, the 
mimimum time necessary for the subject to perceive the stim- 
ulus, and produce a coordinated movement. The value ob- 
tained for L,, in this study was 45 msec. L,, is actually the 
expected minimal latency to respond for an average subject, 
therefore, variance above and below this value would be 
expected among individual subjects. 

The presence of the X-asymptote in the I-LAT relation- 
ship suggests that there is some level of current (I,,) below 
which the effects of I do not temporally summate so that a 
response cannot be evoked. I,, then is the predicted 
threshold current for a stimulus of long duration. The value 
obtained for I,, in this study was 0.29 mA. 

These results suggest that in experiments designed to in- 
vestigate shock response thresholds, the current threshold 
will in large part depend upon the duration of the stimulus 
employed. If a long duration stimulus is employed, the re- 
corded threshold will correspond to I,,. If a short duration 
stimulus is employed, the current threshold will reflect only 
the amplitude of current necessary for the summation of the 
electrical charge over the temporal duration of the stimulus 
to be large enough to evoke a response. 

In summary, we have demonstrated: (1) the uncon- 
ditioned response to footshock is in response to the sum- 
mated effects of electrical charge passed across the subject 
by the stimulus over the duration of the stimulus; and, (2) 
there appear to be two response thresholds to footshock, one 
to the summated effect of electrical charge over time, and the 
other is a current threshold, below which the effects of elec- 
trical charge do not summate to produce a response. 

We are convinced that the development of sensitive and 
reliable behavioral measures like the one described in this 
report are essential for an accurate and meaningful under- 
standing of the physiological mechanisms underlying behav- 
ior. 
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VANDERWEELE, D. A. CCK, endogenous insulin condition and satiety in free-fed rats. PHYSIOL. BEHAV. 295) 
961-964, 1982.—Cholecystokinin (CCK) has been shown to elicit insulin secretion and increased insulin availability has 
been shown to correlate with increased satiety attributed to reduced size of spontaneously occurring meals. The present 
experiment, however, clearly showed that CCK was effective in suppressing food ingestion in free-fed rats independent 
of the animal’s level of insulin. Rats were tested with 1, 2 and 4 uwg/kg of CCK-octapeptide (Sincalide, Squibb) during a 
baseline (pancreatic-normal) period, an insulin-poor state (streptozotocin diabetic) and an insulin clamped condition (dia- 
betic treated by a minipump). CCK produced a highly significant (p<0.01) reduction of food intake compared to saline, 
control injections regardless of the insulin conditions of the animals. Higher doses of CCK were more effective than lower 
doses during all three periods of study. CCK and hyperinsulinemia function independently if they produce satiety or 


reductions in food intake. 
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IN a recent review of the topic of postprandial satiety [9], it 
was concluded that cholecystokinin (CCK) might mediate 
intestinal satiety. These authors, however, concluded that, 
at that time, the site and mechanism of action underlying the 


satiety effect of CCK were unknown. In an earlier review [8], 


a similar conclusion had been reached but it was also noted 
that CCK was effective in stimulating insulin release, intesti- 
nal motility, gallbladder contraction and stomach and pyloric 
sphincter contraction. Additionally, this review suggested 
that satiety was a complex series of events and that a single 
signal for satiety was unlikely. 

While the evidence for CCK stimulating insulin release 
has been questioned, a report using the CCK-octapeptide 
(which would be free of gastric inhibitory polypeptide which 
potently increases insulin secretion) has again found this 
hormone fragment capable of stimulating insulin release [2]. 
In the present paper, I advance that CCK and insulin might 
be working interactively or synergistically to promote 
postprandial satiety. As I have suggested before [11], satiety 
may be conceived as a complex of stimuli occurring in a 
definite sequence. 

Interestingly, insulin has normally been used as an agent 
to induce hyperphagia and increased body weight gain. 
These studies typically have used large, pharmacological 
dosages of hormone administration in a ‘‘pulse’’ fashion (see 
[10] for a recent review of some of these studies). In our 
work, however, insulin was infused intraperitoneally in a 
chronic, steady manner with the osmotic minipump [10]. 
With this technique, animals showed reliable decreases in 
food ingestion (dosages most effective ranged between 1.25 
and 2.5 U insulin/24 hr). Our dosages combined with the 
short half-life of the regular insulin molecule were probably 
considerably lower than those of previous studies. We have 


hypothesized that insulin may serve as part of the normal 
sequence of satiety signals originating from the contact of 
food with the intestines. 

Integrating the work with insulin and CCK as satiety 
signals, the interesting hypothesis that the two hormones 
work in a combinative fashion to effect short-term satiety 
can be offered. It may be that CCK promotes satiety by 
stimulating insulin release which, in turn, promotes a 
facilitated uptake of nutrients into sensing cells. This exper- 
iment tests that hypothesis. On the other hand, the hormones 
may simply combine to affect ingestion, as Lorenz [6] has 
shown that GIP, a potent insulin secretogogue, does not 
elicit satiety in the sham-feeding rat while CCK does. 


METHOD 


Eleven Sprague-Dawley (Holtzman) male rats served as 
subjects in the following study. Each animal was housed 
individually in wire mesh cages with food and water ad lib 
throughout the experiment. Lights in the laboratory where 
the subjects were housed were on a 12:12 hour light:dark 
cycle with light onset at 0900. 

Animals were allowed one week upon arrival in the lab- 
oratory for adjustment to the new environment. Following 
this week, subjects’ daily food ingestion was recorded during 
a second week. When it was apparent that each animal was 
eating normally, alternating intraperitoneal injections of 
CCK-octapeptide (Squibb) and saline were begun. In a coun- 
terbalanced design, each animal received an injection of a 
high dose and a low dose of CCK; the low dose was either | 
or 2 wg per kg body weight and the high dose was always 4 
pg/kg. Alternating with the CCK injections were the saline, 
control injections. Injections were given every other day at 
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1500 to 1700. Vehicle for the CCK was sterile water and the 
CCK was the synthetic Sincalide provided through the 
generosity of E. R. Squibb and Sons Pharmaceutical Co. 

Following each intraperitoneal injection, fresh premeas- 
ured quantities of food were placed on the cage floor. This 
feeding procedure generated increased ingestion (introduc- 
tion of fresh food portions) and ingestions were then re- 
corded at 1, 2 and 24 hr. Spillage was assumed to be at 
equivalent rates in the animal at all phases of the study (each 
subject is his own control) and, hence, was not measured. 
Additionally, body weight changes were recorded on a 
weekly basis. Subjects received only one injection at each 
dosage and, hence, in the first phase of the study received a 
total of four injections. 

Following the establishment of the initial dose-response 
curve of food ingestion to CCK, all animals were made dia- 
betic by the introduction of streptozotocin. Each subject re- 
ceived a tail-vein injection of 25 mg of streptozotocin (dis- 
solved in a citrate buffer, pH=4.5) under the ultra-short act- 
ing barbiturate, sodium methohexital (Brevital, Lilly). As the 
average body weight of the animals was 508.2 g, strep- 
tozotocin approximated 50 mg/kg. This technique has been 
used in our laboratory previously to generate diabetes and 
follows the recommendation of others [7] which suggests a 
single dosage rather than one based on body weight for strep- 
tozotocin in adult rats. Following treatment with strep- 
tozotocin, 10 of the 11 animals became diabetic showing 
glycosuria, polyuria, polydipsia, weight loss and finally, 
hyperphagia. Blood glucose of greater than renal threshold 
was the criterion for accepting the animal as diabetic (all 
animals were greater than 2% glycosuric—Ames Clinitest 
tablets diagnostic). 

Two weeks following the injection of streptozotocin and 
induction of diabetes (resting blood glucose ranged from 220 
to 315 mg/dl), all animals again received the identical series 
of CCK and saline injections as administered to them before 
the induction of the diabetic condition. Following these four 
injections per animal, six of the animals entered the final 
phase of the study. 

On the twenty-second day following development of 
diabetes, all 6 subjects were again anesthetized with the 
ultra-short acting barbiturate Brevital and received the im- 
plantation of an Alzet osmotic minipump containing regular 
Iletin porcine insulin. Insulin concentration was such that 
each subject received 2.5 to 6.0 U insulin per 24 hr, depend- 
ing upon the severity of the diabetic condition. Animals los- 
ing 10-20 g body weight daily and with glycemic levels 
greater than 275 mg/dl received the higher dosages of insulin. 
Insulin treatment with the minipump was sufficient to re- 
verse the weight loss, glycosuria and lower urine production 
and water ingested in all six animals. The minipump used 
here generates a stable rate of infusion for 7 days; hence, 
testing began on the second day post-implantation. Data 
concerning the Alzet minipump and insulin infusion can be 
obtained from Alza Technical Bulletin (vol. 2, number 1, 
1978). 

As in the earlier phases of this study, animals received 
injections of CCK and saline at 1500 and subsequent food 
ingested was recorded. As only three injections could be 
made per animal and keep the every-other-day injection- 
paradigm while the pump remained active, each animal re- 
ceived a single dosage of CCK twice surrounding a saline 
control condition. Thus, each dosage (1, 2, and 4 wg/kg of 
CCK was observed for effects in two different insulin-stable 
subjects and each animal was tested twice at that dosage 
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TABLE 1 


SCHEMATIC OUTLINE OF THE EXPERIMENT FOR EACH SUBJECT 
AND NUMBER OF SUBJECTS TESTED IN EACH PHASE 
OF THE EXPERIMENT 





Subjects fed ad lib, 
no injections (N=11) 
Subjects fed ad lib, 
alternating injections 
of CCK and saline (N=11) 


Phase One Adaptation 


Week 
Initial 
Tests 


Phase Two 


Diabetic 
Tests 


Phase Three Subjects were injected 
with streptozotocin and 
retested with CCK and 


saline (N=10) 


Subjects were treated with 
osmotic minipumps 
delivering a stable amount 
of insulin daily and 
retested with CCK and 
saline (N=6) 


Clamped 
Tests 


Phase Four 





N=number of subjects. 


level. A schematic of complete experimental procedures ap- 
pears in Table 1. 


RESULTS 


The food ingestion of rats injected with CCK was com- 
pared statistically to ingestion following saline during three 
phases or insulin conditions: CCK effectively reduced feed- 
ing compared to saline controls during all three phases. The 
effects of CCK upon food ingestion over the first hr follow- 
ing injection is depicted graphically in Fig. 1. A 2 (diabetic vs 
normal) by 3 (saline vs low-dose CCK vs high-dose CCK) 
repeated measures analysis of variance was conducted and 
revealed a highly significant main effect for injection condi- 
tion; saline intake was significantly greater than that follow- 
ing either dosage of CCK (p<0.01). As there were mixed 
sources of variance on the dosage levels (5 animals received 
1 wg/kg, 6 received 2 wg/kg and all 11 animals received the 4 
pg/kg dosage of CCK), the low levels were combined for the 
above analysis. The main effect for pancreatic condition was 
significant only at the 0.10 level due to high variability in 
food ingestion in diabetics and the interaction was not signif- 
icant; when diabetic, rats generally ingested more food than 
under baseline conditions. Visual inspection reveals a 
possible linear effect for dosage of CCK upon feeding and 
others have reported this curve for similar conditions in the 
literature [9]. In summary, no significant effects upon CCK 
efficacy for insulin condition were noted in the present ex- 
periment. The raised ingestion of diabetics may indicate les- 
sened satiety in the absence of insulin [5], but note that CCK 
remained effective in this state. 

Finally, CCK remained effective in reducing food inges- 
tion even in the rat eating reduced amounts of food in the 
‘“*clamped”’ condition. While this clamping is certainly not as 
precise as that in neuroendocrinological studies, the levels 
are almost certainly less dynamic than in the normal rat. A 
simple repeated measures f test shows less food intake fol- 
lowing CCK (regardless of dosage level) compared to that 
following saline for the same animal; t=3.51, p<0.05. All 
data analyzed by both the ANOVA and the repeated meas- 
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FIG. 1. Mean food ingestion over the first hour following injection of 
various doses of CCK-octapeptide (CCK 8) or control saline solu- 
tion. Animals were free-feeding rats (baseline), rats given strep- 
tozotocin to produce diabetes without insulin treatment (diabetic), 
or rats made diabetic and treated with insulin infused by the Alza 
Osmotic minipump delivering a stable amount of insulin to the sub- 
ject (clamped). 


ures ¢ test were 1-hr food intakes. Twenty-four hr intakes 
showed no significant CCK vs. saline differences while the 
2-hr effects did not differ substantially from the 1-hr data. 


DISCUSSION 


The present series of studies with CCK on rats with dif- 
fering insulin states has found no evidence for the depend- 
ence or interaction between CCK and endogenous insulin 
release or availability in the production of satiety during 
feeding. Apparently, the reductive effects of CCK upon food 
ingestion reported by Smith and Gibbs and others [9] is inde- 
pendent of any effect this gastrointestinal hormone may have 
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upon insulin release. The streptozotocin-diabetic rats of the 
present study were as responsive to CCK as when they had 
been tested with the pancreas normal despite glycemic levels 
indicative of insulin deficiency. It remains possible that CCK 
simply makes the animal sick or uncomfortable, however, no 
obvious signs of discomfort were seen in the present study, 
even at the highest dosage tested. As we have shown, in 
previous work, that increased insulin availability can 
enhance satiety by reducing the size of ongoing meals [10] 
and CCK is probably released as meals are taken [9], it is 
interesting to suggest that satiety might partially arise from 
the two signals operating independently but in a definite 
temporal sequence. Insulin release> both that mediated by 
the vagus or cephalic phase and that induced by glucose 
stimulation during absorption, might help stop meals before 
overeating occurred. Raised insulin levels would normally 
accompany a filling stomach and may require this signal to 
affect satiety as GIP (a major secretogogue of insulin) was 
incapable of producing satiety in the absence of stomach fill 
(in the sham-fed rat [3,6]). Subsequently, CCK release (and 
the continued stimulation of insulin release from absorption 
of nutrients and CCK-induction) might then sustain and pro- 
long the intermeal interval in proportion to the amount of 
calories in the meal. CCK may not, however, require stom- 
ach filling to become effective as CCK can suppress sham 
feeding [6]; it may be sufficient for the animal to have tasted 
food for CCK to become effective as a satiety agent [1]. 
We have divided satiety into an intrameal and intermeal 
portion [12]; intrameal satiety cues participate in the termi- 
nation of a meal while intermeal cues lengthen the period of 
non-feeding following a meal. CCK has been shown capable 
of limiting meal size [4] and lengthening the intermeal inter- 
val. Insulin (when moderately and chronically elevated) can 
also limit meal size. As nutrients are absorbed from the in- 
testine, insulin would continue to be secreted and used (in- 
sulin would favor nutrient utilization and storage) and, 
hence, insulin would also function as an intermeal satiety 
cue. I might suggest that carbohydrates might be the more 
effective stimulus for insulin and proteins the more effective 
stimulus for CCK. Both cues then function somewhat re- 
dundantly but in an independent fashion to affect satiety. 
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SYKES, S. M. AND W. W. HENTON. Control of wheel running by near-ultraviolet light. PHYSIOL. BEHAV. 29(5) 
965-970, 1982.— Wheel running by mice was compared during incandescent and incandescent plus near-ultraviolet (UV) 
illumination in three experiments. During the daily 12-hour light period, running rates decreased with supplemental UV 
compared to previous incandescent only baselines. The decrements were systematically replicated in a second experiment 
using alternating UV exposure and recovery phases programmed across blocks of sessions. Again, running rates consis- 
tently decreased with supplemental UV irradiation of phases two and four compared to preceeding baselines of phases one 
and three. In comparison, running rates were inconsistently affected during the 12-hour dark period in both experiments. A 
third experiment compared the relative decremental effects of UV, blue and red illumination. Baseline running rates 
monotonically decreased as an inverse function of wavelength for all subjects. The data suggest that the spectral composi- 


tion of ambient illumination may affect behavior. 


Ultraviolet light Wheel running Mice 





THE spectral composition of ambient light may play an im- 
portant regulatory role in mammalian function [5, 11, 21]. 
Hyperactivity in school children, for example, is reportedly 
suppressed when the ambient illumination contains a high 
proportion of the shorter wavelengths, specifically ul- 
traviolet (UV) [9]. Daily supplemental doses of UV may also 
shorten reaction time, improve working ability, and increase 
resistance to disease [19,23]. These observations have led to 
the controversial hypothesis that a certain amount of daily 
UV exposure is beneficial to human health [11]. In compari- 
son, extensive data attesting to deleterious effects of UV 
[12], the appearance of contradictory behavioral data [10], 
and a lack of supporting animal studies has resulted in a 
questioning of the benefits, if any, of UV exposure. Recent 
experiments, however, clearly demonstrate differential be- 
havioral effects by the visible illumination spectrum in mice 
[15,16]. Wheel running is maximally decreased by blue and 
green, marginally decreased by yellow, and relatively unaf- 
fected by red illumination. The data inductively suggest simi- 
lar activity decrements with the still shorter near-UV 
wavelengths (320-400 nanometers, nm) for subjects with a 
high ocular transmission of ultraviolet, such as nocturnal 
rodents as well as aphakic humans and children [8,20]. 

The present experiments were an initial attempt to de- 
termine the behavioral effects of supplemental UV expo- 
sure in mice. Wheel running rates were recorded in the pres- 
ence and absence of UV in Experiment 1, and systematically 
replicated over alternating UV exposure and recovery 
phases of Experiment 2. Experiment 3 compared the relative 
decremental effects of supplemental UV, blue, and red light 
when wheel running was increased to abnormally high rates 
by overnight deprivation. 


METHOD 


Animals 


Subjects were eight experimentally naive male ICR mice, 
fed standard Purina rodent chow and water ad lib. Age 
was approximately five months. 


Apparatus 


Mice were individually housed in 0.6 cm wire mesh cages 
40 cm long, 27.5 cm wide, and 22.5 cm high. The bottom 
of the cages was partially covered with Plexiglas ‘‘egg- 
crate,’’ with 0.6 cm squares. Each cage was equipped with a 
22.5 cm diameter running wheel with a counterbalanced 
2.50.6 cm cylindrical magnet. A reed switch was affixed to 
the top of each cage, directly above and within 1.0 cm of the 
apex of the running wheel. The switch was activated by the 
magnet with each rotation of the wheel. The total number of 
wheel revolutions per time period was collected using solid 
state electronics. 

Cages were located inside calibrated lighting chambers, 
each a white cyclinder 75 cm long and 47.5 cm in diame- 
ter. A 7 W frosted tungsten bulb was attached to the rear wall 
of each chamber and operated on a 12:12 L:D cycle. A 20 W 
fluorescent fixture was mounted on the ceiling of each 
chamber and could be operated in conjunction with the 
tungsten bulb. A near-UV fluorescent source (Westinghouse 
F20T12/BLB) was used in Experiments | and 2. Blue and red 
fluroescent lights (Westinghouse F20T12/B and F20T12/R) 
were also used in Experiment 3. The spectral distributions of 
the UV, blue and red lights were maximal at 352 nm, 440, 
and 630 nm, respectively, with half-power bandwidths of 
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approximately 20-30 nm. Light intensity was measured with 
a UDT 40 A optometer referenced to a standard Bureau of 
Radiological Health radiometer, with the detector vertical at 
the approximate level of the subject’s eye. Radiometric in- 
tensity of the incandescent and UV lights was 5.0 microwatts 
per square centimeter. The blue and red lights of Experiment 
Three were matched to the same radiometric intensity using 
black tape spiral wrapped along the bulb surface. Each light- 
ing chamber was ventillated with sufficient air flow to main- 
tain internal temperature at 24+2°C. 


Procedure 


Experiment 1. The experimental procedure was quite 
simple, consisting of changes in environmental illumina- 
tion across blocks of days. Initially, each subject was 
habituated to the running wheel cage for 18 hours. Baseline 
running wheel activity was then recorded separately for days 
(5:30 a.m. to 5:30 p.m.) and nights (5:30 p.m. to 5:30 a.m.), 
with the tungsten bulb the only illumination source during 
the day cycle. After a 14-day baseline period, Subjects 1-4 
received supplemental UV illumination during the day cycle 
for 14 additional days. 

Experiment 2. A within-subject replication technique was 
used with Subjects 5-8, with 14 days of baseline training 
with only tungsten illumination (phase one) followed by 7 
days with supplemental UV illumination (phase two). The 
procedure was then repeated, with a second 14-day baseline 
period (phase three) followed by a 7-day block with supple- 
mental UV illumination (phase four). 

Experiment 3. Subjects 9-12 were exposed to the white 
incandescent light on the 12 hr L:D cycle for 62 consecu- 
tive days. The white light was intermittently supplemented 
with either UV, blue or red light during 5-day blocks, 
schedule on Days 22-26, 36-40, and 50-54, respectively. Ef- 
fectively, 9-day blocks of incandescent illumination were 
interposed between 5-day blocks of incandescent plus UV, 
blue or red light. As a final direct replication, incandescent 
plus UV was also scheduled on Days 58-62. 

One key behavioral change in this experiment was an 
overnight deprivation of wheel running to induce atypical, 
high wheel running rates during the daily illumination period. 
Each subject was individually housed in a 25x 17.5 13.8 cm 
Stainless steel, mesh top cage placed in the lighting cham- 
bers. Subjects were transferred to the running wheel cages 
during the final 9 hr of the 12 hr illumination cycle, five days 
per week (Monday through Friday). 

In all experiments, individual animal data was averaged 
over each illumination condition, with frequency of run- 
ning compared between conditions as mean+standard error. 
The data was separately analyzed for the day and night por- 
tion of the daily light-dark cycle. 


RESULTS 
Experiment 1 


Figure 1 compares the mean running rates of Subjects 1-4 
with and without supplemental UV illumination. In three 
of the four cases, daytime running activity was reduced sub- 
stantially by the addition of UV relative to the preceding 
baselines (upper panel, Fig. 1). Running decreased 93, 71, 
and 99 percent for Subjects 1-3, respectively. In singular 
contrast, running increased 29 percent for Subject 4. The 
running rate was considerably higher during the night than 
during the day portion of the daily illumination cycle for each 
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subject (lower panel, Fig. 1), with no consistent pattern 
across subjects. Subjects 1 and 2 exhibited a reciprocal effect 
at night, with running increased 104 and 54 percent relative 
to previous baselines. Running by subject 3, on the other 
hand, was relatively unchanged during the corresponding 
night cycle. Subject 4, with increased running rates under 
UV, showed a slight increase in running at night. 


Experiment 2 


The within subject replication of the UV effect is shown 
in Fig. 2 for Subjects 5 through 8. In this replication, the 
running rate of all subjects decreased during the first UV 
exposure period. Baseline running rates, however, only par- 
tially recovered during the subsequent return to baseline il- 
lumination conditions. Nevertheless, a second 14 day UV 
period resulted in still further decreases for all subjects. The 
running rates were decreased during the first and second UV 
exposure periods whether compared to either the first or 
second baseline illumination conditions (Fig. 2, UV1 and 
UV2 compared to either B1 or B2). Wheel running during the 
corresponding night cycle, however, was inconsistent across 
experimental phases, with various increases, decreases, and 
unchanged rates following the transitions from baseline to 
UV exposure conditions. 


Experiment 3 


Figure 3 compares wheel running under supplemental 
UV, red, and blue illumination relative to the three inter- 
posed baseline conditions. First, the 9 hr restricted access 
markedly increased baseline wheel running, with 3000-6500 
revolutions compared to the 230-1900 revolutions of Exper- 
iments | and 2 (B1 in Fig. 2). More importantly, the higher 
baseline rates were replicable or recoverable with each suc- 
cessive cycle (BI compared to B2 and B3). For all subjects, 
running was maximally decreased under UV (B1-UV1), rela- 
tively unchanged under red (B2-R), and marginally decreased 
under blue (B3-BL). Finally, the decreased UV running rates 
were consistently replicated for each subject (UV2). 


DISCUSSION 


The addition of near-ultraviolet radiation resulted in de- 
creased running wheel activity during the daily illumination 
cycle for albino mice. Related data from the visible spectrum 
suggest that rodent wheel running is inversely dependent 
upon brightness and wavelength of ambient illumination [6, 
15, 16]. The present UV induced decrements would seem to 
be most likely dependent upon wavelength rather than ap- 
parent brightness. First, UV exposure was substantially 
more effective than radiometrically equal amounts of either 
blue or red illumination. In contrast, visual sensitivity would 
predict greater decrements by the scotopically brighter 440 
nm blue light rather than the marginally visible 352 nm UV 
for either the normal or aphakic eye [20]. Second, relative 
brightness would have to increase approximately 1.0-3.0 log 
to account for the 50-90 per cent response decrements [6]. 
This brightness requirement is well beyond the conceivable 
increases for the present study, given the modest increase in 
overall radiometric intensity and the fractional rhodopsin ab- 
sorption of near-UV. The maximal UV induced decrements 
relative to blue and red are then most consistent with the 
wavelength dependencies reported by Spalding er ail. 
[15,16] and systematically extend the wavelength function 
into the near ultraviolet. 
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FIG. 1. Comparison of wheel running frequency during baseline sessions with incandescent illumina- 
tion (B) and experimental sessions with incandescent plus ultraviolet illumination (UV) for four sub- 
jects. Top and bottom rows give the data for 12 hours of light and 12 hours of darkness per daily cycle. 
Each data point is the mean of 14 sessions, with error bars indicating standard error of the mean. 
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FIG. 2. Comparison of wheel running frequency during baseline sessions with incandescent illumination (B1 and B2) and 
experimental sessions with supplemental ultraviolet illumination (UV1 and UV2) for four subjects. Top and bottom rows 
give the data for the light and dark portions of the daily illumination cycle. Each data point is the mean of 14 baseline 
sessions, or 7 experimental sessions. Standard error of the mean is given by error bars. 
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FIG. 3. Comparison of wheel running frequency during baseline 
sessions with incandescent illumination (B1, B2, B3) and experi- 
mental sessions with supplemental ultraviolet (UV1, UV2), red (R) 
and blue (BL) illumination. Each data point is the mean of 5 ses- 
sions. Standard error of the mean is given by error bars. 


The behavioral functions associated with UV exposure 
may be described as optically dependent rather than visually 
dependent. Indeed, activity, drinking, eating and other overt 
behavioral functions are primarily dependent upon the 
hypothalamic-pituitary system rather than the primary visual 
cortex [13,14]. The photochemical elements associated with 
these behavioral functions are not clearly identified, and may 
involve either rod or cone photopigments, or still other un- 
identified photochemical changes [14]. The greater effec- 
tiveness of UV relative to blue light, for example, would not 
easily match the corresponding points on the rhodopsin ab- 
sorption spectra for the mouse [2]. Rather, the primary UV 
effect is more consistent with electroretinographic and his- 
tochemical studies implicating an additional retinal absorber 
with increasing sensitivity from the blue through the near- 
ultraviolet [3, 4, 7]. 

Although an initial attempt to examine UV radiation, the 
present study is also related to current analyses of driving 
and entrainment of circadian rhythms [1, 17, 22]. In particu- 
lar, the rather consistent activity decreases in the light com- 
ponent but variable and inconsistent changes in the dark 
component suggests at least some differential illumination 
effects within the maintained 12:12 L:D circadian compo- 
nents. Similar manipulations of relative illumination inten- 
sity, for example, have been reported to affect the temporal 
characteristics of drinking [1], but not brain stimulation and 
other circadian rhythms in mammals [18]. The analysis of 
either color or intensity effects on circadian patterns is par- 
ticularly complex in L:D as opposed to continuous illumina- 
tion schedules [1], and potentially include the entrainment of 
a single circadian oscillator, or coupled phase-advanced and 
phase-delayed oscillators, as well as ultradian harmonics, 
direct driving and masking effects either partially or totally 
independent of circadian rhythms [13, 14, 17]. We might then 
speculate that the present UV effects reflect a variety of 
differential rhythmic influences, including UV induced split- 
ting of coupled oscillators or direct UV driving effects accen- 
tuating the L:D transition. However, the present experiment 
clearly was not designed to compare physiological and be- 
havioral correlates of circadian rhythms. Regardless of spe- 
cific physiological correlates, the present data and current 
literature indicates that spectral composition is an additional 
parameter affecting activity, and thus the outcome of behav- 
ioral experiments [17,18]. 


REFERENCES 


. Albers, H. E., R. Lydic and M. C. Moor-Ede. Entrainment and 
masking of circadian drinking rhythms in primates: Influence of 
light intensity. Physiol. Behav. 28: 205-211, 1982. 

. Bridges, C. D. B. Visual pigments of some common laboratory 
mammals. Nature 184: 1727-1728, 1959. 

. Clarke, B. J. and S. Sykes. The effect of rhodopsin level on 
light-induced retinal damage in rats. In: Symposium on Biologi- 
cal Effects and Measurement of light Sources, edited by D. 
Hazard. HHS Pub. FDA 81-8156, Washington, DC: U. S. Gov- 
ernment printing Office, 1981, p. 98. 

. Ham, W. T. Jr., H. A. Mueller, J. J. Ruffolo, Jr., D. Guerry, Ill 
and R. K. Guerry. Action spectrum for retinal injury from 
near-ultraviolet radiation in the aphakic monkey. Am. J. 
Ophthal. 93: 299-306, 1982. 


. Hollwich, F. The Influence of Ocular Light Perception on Me- 
tabolism in Man and in Animal. New York: Springer-Verlag, 
1979, p. 119. 

. Kavanau, J. L. and R. M. Havenhill. Compulsory regime and 
control of environment in animal behaviour III. Light level pref- 
erences of small nocturnal mammals. Behaviour 59: 203-225, 
1976. 

. Lawwill, T., S. Crockett and G. Currier. Retinal damage secon- 
dary to chronic light exposure. Documenta ophth, 44: 379-402, 
1977. 

. Lehrman, S. and R. F. Borkman. A molecular model of lens 
agung, nuclear and cortical cataract formation. Metab. Pediat 
Ophthal. 3: 27-35, 1979. 





970 


9. 


Mayron, L. W., J. N. Ott, R. Nations and E. L. Mayron. Light, 
radiation, and academic behavior: Initial studies on the effects 
of full-spectrum lighting and radiation shielding on behavior and 
academic performance in school children. Acad. Ther. 10: 
33-47, 1974. 


. O'Leary, K. D., A. Rosenbaum and P. C. Hughes. Fluorescent 


lighting: A purported source of hyperactive behavior. J. ab- 
norm. Child Psychol. 6: 285-289, 1978. 


. Ott, J. N. Health and Light. New York: Simon & Schuster, 1973, 


. Parrish, J. A., R. R. Anderson, F. Urbach and D. Pitts. UVA: 


Biological Effects of Ultraviolet Radiation with Emphasis on 
Human Responses to Longwave Ultraviolet. New York: 
Plenum Press, 1978, p. 262. 


. Rusak, B. J. and Z. Boulos. Pathways for photic entrainment of 


mammalian circadian rhythms. Photochem. Photobiol. 34: 
267-273, 1981. 


. Rusak, B. J. and I. Zucker. Neural regulation of circadian 


rhythms. Physiol. Rev. 59: 449-526, 1979. 


. Spalding, J. F., R. F. Archuleta and L. M. Holland. Influence of 


the visible color spectrum on activity in mice. Lab. Anim. Care 
19: 50-54, 1969. 


SYKES AND HENTON 


. Spalding, J. F., L. M. Holland and G. L. Tietjen. Influence of 


the visible color spectrum on activity in mice II. Influence of 
sex, color, and age on activity. Lab. Anim. Care 19: 209-213, 
1969. 


. Terman, M. Behavioral analysis and circadian rhythms. In: Ad- 


vances in the Analysis of Behavior, edited by M. D. Zeiler and 
P. Harzem. New York: John Wiley, in press. 


. Terman, J. S. and M. Terman. Effects of illumination level on 


the rat’s rhythmicity of brain self-stimulation behavior. Behav. 
Brain Res. 1: 507-519, 1980. 


. Volkova, N. V. Experience in the use of erythemic ultraviolet 


radiation in the general lighting system of a machine shop. Gig. 
Sanit. 32: 109-111, 1967. 


. Wald, G., P. K. Brown and P. H. Smith. Synthesis and bleach- 


ing of rhodopsin. J. gen. Physiol. 38: 623-681, 1955. 


. Wurtman, R. J. The effects of light on the human body. Scient 


Am. 233: 69-77, 1975. 


. Wurtman, R. J. The effects of light on man and other mam- 


mals. A Rev. Physiol. 37: 467-483, 1975. 


. Zamkova, M. A. and E. I. Krivitskaya. Effect of irradiation by 


ultraviolet erythema lamps on the working ability of school chil- 
dren. Gig. Sanit. 31: 41-44, 1966. 





Physiology & Behavior, Vol. 29, p. 971. Pergamon Press, 1982. Printed in the U.S.A. 


CORRIGENDUM 


JANUARY 1982 ISSUE 


ENGELLENNER, W. J., L. ROZBORIL, V. P. PERDUE, R. G. BURRIGHT AND P. J. DONOVICK. A simple and 
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The authors wish to state that David L. Feldman and Steven M. Freeh, Department of Biological Sciences, 
SUNY, Binghamton, designed an earlier version of this apparatus. Unfortunately, acknowledgement of their 
critical contribution to this project was inadvertently not made in the publication. 
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STEFANICK, M. L., E. R. SMITH, J. T. CLARK AND J. M. DAVIDSON. Effects of a potent dopamine receptor 
agonist, RDS-127, on penile reflexes and seminal emission in intact and spinally transected rats. PHYSIOL. BEHAV. 
29(6) 973-978, 1982.—Administration of RDS-127 (3.0 mg/kg) induced seminal emission within three minutes of IP injection 
and suppressed the display of penile reflexes in intact and spinally transected rats. In Experiment |, RDS-127 was 
administered to intact, sexually experienced rats in a protocol previously demonstrated to selectively lower the ejaculatory 
threshold of copulating animals. The incidence of seminal emission was significantly elevated by RDS-127 but penile 
reflexes were present in only 8% of the drug-treated rats, compared to 59% of controls. In Experiment 2, seminal emission 
was induced 2.3+0.4 (S.E.) minutes from injection of RDS-127. Animals which responded to RDS-127 with multiple 
emissions had significantly lower ejaculation latencies during copulatory tests conducted prior to drug treatment than 
animals which had no or only single seminal emissions following RDS-127 injection. Spontaneous seminal emission in the 3 
day period initiated 2 hours after RDS-127 injection was unaffected by the drug. Spontaneously produced plugs were 
approximately twice the weight of those induced by RDS-127. In Experiment 3, seminal emission was induced in spinally 
transected rats 1.7+0.4 minutes following RDS-127 administration, whereas drug treatment attenuated the enhancement of 
penile reflexes observed following midthoracic spinal transection. These experiments suggest that a spinally-mediated 
dopaminergic mechanism is capable of stimulating seminal emission acutely in the rat and inhibiting the display of penile 
reflexes by the supine animal. 

Seminal emissions Spinal transection 


Dopamine receptor agonist Penile reflexes 





indane (RDS-127), reduces the number of intromissions pre- 
ceding ejaculation and shortens the latency between the ini- 
tial intromission and ejaculation, without altering other com- 
ponents of the mating pattern or the state of the male’s sex- 
ual arousal [16]. Additionally, a large percentage of RDS-127 
treated rats showed evidence of seminal emission upon in- 
spection of the penis 15 minutes after injection, before expo- 
sure to receptive females [16]. A number of putative DA 
receptor activators, including apomorphine and I|-dopa, have 
similarly been reported to induce seminal emission [5, 7, 19, 
22] and repeated episodes of penile erection [5, 6, 7, 10, 24] 
in the isolated rat. 

Interest in the relationship of the ejaculatory mechanism 
to the mechanisms underlying the penile reflexes of the 
supine rat and the regular occurrence of spontaneous semi- 
nal emission in the isolated animal prompted further investi- 
gation of the effect of dopaminergic activation by RDS-127. 
In a first experiment, reflexes and seminal emission were 
studied in intact rats following RDS-127 (3.0 mg/kg) treat- 


THE ejaculatory mechanism of the rat integrates a sequence 
of reflexes mediated by spinal and supraspinal neural ele- 
ments. These reflexes produce characteristic genital, pelvic 
and general bodily reactions which result in delivery of 
sperm into the female reproductive tract [9]. Various com- 
ponents of the ejaculatory mechanism are produced in the 
absence of sexual stimulation. Specifically, spontaneous 
seminal discharge occurs daily in untreated rats independent 
of self-stimulation [8,25] and is often accompanied by penile 
erection [26,29]. Another component may be the penile re- 
flexes displayed by the supine rat following retraction of the 
penile sheath [20]. These reflexes consist of erections and 
specific responses referred to as cups and flips which purpor- 
tedly serve in copula to pack and seal seminal plugs into the 
vaginocervical junction [21]. Seminal emission has been ob- 
served during the reflex test accompanied by quick penile 
flips [18]. 

Increasing evidence suggests that stimulation of dopa- 
mine (DA) receptors lowers the ejaculatory threshold in rats 


during copulation [2, 13, 27, 30]. In support of this hypoth- 
esis we have recently reported that a novel and potent DA 
receptor agonist, 2-N,N-di-n-propylamino-4,7-dimethoxy- 


ment as previously described in the investigation of its effect 
on copulatory behavior [16]. The induction of seminal emis- 
sion was closely observed in a second experiment to deter- 


Copyright © 1982 Pergamon Press—003 1-9384/82/120973-06$03.00/0 
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mine the time course of its occurrence after drug injection. 
Subsequent spontaneous seminal emission was studied over 
a three day period for comparison to drug-induced seminal 
emission. A final experiment investigated the effect of 
RDS-127 on the penile reflexes and seminal emission of rats 
with midthoracic spinal cord transection, which has been 
previously reported to show enhanced reflexes compared to 
intact animals [20, 23, 28]. 


METHOD 


Adult male Long-Evans rats (Simonsen Labs, Gilroy, 
CA) were used in these studies. Animals were maintained 
under controlled light (14 hr light, 10 hr dark, lights off at 
1100) and constant temperature (22-23°C). Intact males were 
housed three to a cage, except during Experiment 2 when 
they were being studied for seminal emission in special 
wire-bottomed cages. Spinal males were housed singly. 
Food and water were available ad lib. 


Experiment 1 


Twenty-four sexually experienced 90 day old rats were 
divided into two equal groups on the basis of their perform- 
ance in copulatory tests recorded the week preceding the 
study. Specifically, the following measures were matched: 
mount frequency (MF) —the number of mounts without vag- 
inal penetration from the introduction of a receptive female 
to ejaculation; intromission latency (IL) the interval be- 
tween the introduction of the female and the first intromis- 
sion; intromission frequency (IF)}—the number of intromis- 
sions preceding the first ejaculation; ejaculation latency 
(EL) tthe interval between the first intromission and ejacu- 
lation; and the postejaculatory interval (PEI) the length of 
time between ejaculation and the next intromission. 

Experimental animals were injected IP with 3.0 mg RDS- 
127/kg body weight (BW), (3.0 mg RDS-127/ml distilled 
water) thirty minutes prior to penile reflex testing. Controls 
received 0.1 ml vehicle/100 g BW. Reflex tests were con- 
ducted in the first half of the lights off period. The procedure 
for evoking reflexes and the criteria for scoring were the 
same as described by Davidson er al. [18]. Briefly, the 
animal was placed on its back and gently restrained in a 
plastic cylinder with the penile sheath retracted by a wooden 
applicator. The test was considered positive if the rat 
showed a penile erection within 15 minutes of sheath retrac- 
tion. All penile responses, including seminal emission, which 
occurred within 20 minutes of the first erection were scored 
by foot pedals on an Esterline-Angus event recorder as fol- 
lows: erection (E)}—increased tumescence of the penis, par- 
tial or complete, with subsequent detumescence; cup (C)}— 
flaring of the engorged glans penis; quick flip (QF}—rapid 
movement of the penis towards the abdomen; and long flip 
(LF}~—more gradual and sustained flexion of the penis. 


Experiment 2 


Twelve of the controls from the first experiment and four- 
teen additional males were evenly divided into two groups at 
100 days of age on the basis of their performance on previous 
copulatory tests as before. In the last 2-3 hours of the light 
period, animals were fitted with thoracic corsets designed 
from strips of cylindrical plastic bottles covered with cotton 
gauze to prevent the males from bending to groom their 
genitalia. Immediately following corsetting the penis was in- 
spected by retracting the penile sheath briefly for evidence of 
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PENILE REFLEXES SEMINAL EMISSIONS 
FIG. 1. (a) Percent of animals (N=13) which displayed penile re- 
flexes and (b) the number of seminal emissions observed per animal 
within 15 minutes of retracting the penile sheath following IP injec- 
tion of 3.0 mg/kg RDS-127 or 1.0 ml/kg vehicle. The sheath was 
retracted 30 minutes after injection of RDS-127. 


seminal plug material, which was removed if present. The 
animal was then injected IP with 3.0 mg RDS-127/kg BW or 
vehicle, placed alone in a wire-bottomed cage and closely 
observed for 15 minutes. These cages were novel to all 
animals. The incidence of seminal emission was recorded 
and all seminal material was collected. Behavioral events 
were also noted. At the end of the observation period the 
penis, cage, and papers placed under the cage floors were 
closely inspected for previously overlooked seminal mate- 
rial. This inspection was repeated two hours after injection, 
whereupon the test for spontaneous seminal emission was 
initiated. For this test, referred to as “‘the corset test,”’ 
animals remained corsetted in individual cages for 3 days. 
The penis, cage, and collecting papers were examined every 
24 hours. All plug material was dried for 7-10 days at room 
temperature, then weighed. 


Experiment 3 


Seven spinally transected Long Evans males and twelve 
sham transected controls were studied at 100 days of age. 
Midthoracic transection of the spinal cord was made at 60 
days as follows: animals were anesthetized with trib- 
romoethanol, shaved across the upper back and incised to 
expose the junction of the spinotrapezius and acromiotra- 
pezius muscles, which marks the fourth thoracic vertebra. 
All muscles were cut free from the spinous processes of the 
second to fourth vertebrae below this junction and the spines 
were removed for drilling into the spinal cord. When the cord 
was freely exposed, a segment was completely removed by 
aspiration. For the sham transections, the muscles were cut 
and the spinous processes were removed, but a hole was not 
drilled, to avoid damage to the spinal cord. The animals were 
sutured and allowed to recover. The bladders of the spinal 
animals were manually expressed three times a day for the 
first week following surgery and twice daily thereafter. 

At 24-26 days post-surgery, all animals were tested for 
penile reflexes as described in Experiment 1. Two weeks 
later the spinal animals were injected IP with 1.0 ml distilled 
water/kg BW, placed in the reflex testing cylinder without 
retracting the penile sheath and observed for 15 minutes, 
after which the prepuce was retracted and a normal reflex 
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FIG. 2. Cumulative percent of animals (N=13) producing seminal 
plugs across the 15 minute period immediately following and two 
hours after IP injection of 3.0 mg/kg RDS-127. 


test ensued. Two days later this protocol was repeated fol- 
lowing injection of 3.0 mg RDS-127/kg BW. All seminal 
material emitted during the observation period and through 
the course of the reflex test was collected and treated as in 
Experiment 2. 


RESULTS 


Experiment | 


As shown in Fig. la and Ib, injection of 3.0 mg RDS- 
127/kg BW thirty minutes before testing results in suppres- 
sion of penile reflexes, and stimulation of seminal emission. 


The incidence of seminal emission within 15 minutes of re- 
tracting the penile sheath was significantly greater for RDS- 
127 treated rats than for vehicle controls (¢=2.41, p<0.05). 
Five of the drug-treated animals (42%) had two seminal 
emissions, with a mean latency of 6.9+1.6 (S.E.) minutes to 
the first event, followed 3.1+1.3 minutes later by the second 
emission. Seven of the vehicle-injected rats (59%) initiated 
penile reflexes within 15 minutes of retracting the penile 
sheath, while only one of the 12 RDS-treated rats showed 
reflexes (x? with Yates correction for continuity =4.688, 
p<0.05). The penes of the RDS-treated rats had a purplish 
color which did not appear to involve engorgement of the 
penile corpora. 

The hindlimbs and toes were quite extended in the drug- 
treated animals and their feet were purple in color, similar to 
the penes. During the test, the RDS-127 treated animals 
struggled more than the controls, attempting to crawl into 
the test cylinder. One of the RDS-injected rats died within 
two hours of injection. 


Experiment 2 


Eleven of the RDS-treated rats (85%) but none of the 
vehicle controls, deposited at least one seminal plug within 
15 minutes of injection (x? with correction=15.757, 
p<0.001). As shown in Fig. 2, a large percent of the drug- 
treated animals emitted more than one plug within 15 min- 
utes and more than two plugs within two hours of injection. 
The average latency between injection and evidence of sem- 
inal emission was 2.34+0.38 minutes. Seminal plugs varied 
considerably in size, ranging from 0.1 mg to 40.7 mg (dry 
weight) with a mean average weight of 7.1+2.3 mg. Of the 
five animals which emitted only one plug during the obser- 
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FIG. 3. (a) Latency from retraction of the penile sheath to the first 
penile erection and (b) the number of erections recorded during the 
20 minute period initiated with the first erection in sham-transected 
(S) controls (N=12) and animals with midthoracic spinal cord tran- 
sections (n=8); A=normal reflex test paradigm; B=normal 
paradigm preceded by vehicle injection followed by a 15 minute 
observation period with the sheath unretracted; and C=normal 
paradigm preceded by injection of 3.0 mg/kg RDS-127 followed by a 
15 minute observation period with the sheath unretracted. 


vation period, none produced plugs larger than 6 mg, 
whereas each of the six rats which had multiple emissions 
deposited at least one plug over 9.5 mg. Plugs weighing less 
than 9.5 mg were first discovered on the cages or papers 
under the wire-bottomed floor and no obvious behavior was 
associated with their emission. Production of larger plugs 
was preceded by obvious penile activity within the sheath 
and retraction of the testicles. Three rats reared up on their 
hindlimbs, as if to groom, while the plugs were being ex- 
truded. Erection in the absence of seminal emission was not 
observed. Control rats engaged in considerably more facial 
grooming than experimentals. In the 60-90 minute period 
which followed, the RDS-injected rats had long bouts of 
drinking from the water bottles attached to their cages. 

It was found that all six of the animals which had only one 
or no emissions within 2 hours of RDS-127 injection, had 
much longer ejaculation latency scores during the copulatory 
tests preceding the study, 21.4+2.9 minutes, than the seven 
rats which responded to RDS-127 with multiple emissions, 
6.8+0.5 minutes, (¢=5.85, p<0.001). Likewise, the interin- 
tromission interval, which is the average time interval be- 
tween the intromissions preceding ejaculation, was distinctly 
higher in the animals which showed a lower seminal emission 
response to the drug, 2.38+0.36 minutes, compared to the 
other seven rats (0.97+0.15 minutes, t=4.19, p<0.005). 

In the 3 day corset test for spontaneous seminal emission, 
animals which had been injected with RDS-127 two hours 
prior to time 0 did not differ from vehicle controls in number 
and weight of seminal plugs, during any of the 24 hour inter- 
vals or through the 3 day period. Both groups produced 1.38 
plugs per individual within the 3 day interval, with standard 
errors of 0.38 for the RDS-injected group and 0.40 for vehicle 
controls. The mean dry weight of spontaneous seminal plugs 
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FIG. 4. Number of quick flips, long flips and cups recorded during the 20 minute period following the 
initial erection of the penile reflex test in sham-transected rats or spinally transected animals. See 


legend for Fig. 3 for details. 


produced by the animals previously treated with RDS-127 
was 18.2+3.5 compared to 19.5+6.3 mg by controls. 


Experiment 3 


The spinally transected rats began showing erections 
much sooner than sham controls following retraction of the 
penile sheath (¢=5.86, p<0.01), but the number of erections 
displayed during the test did not differ between these groups, 
as seen in Fig. 3a and 3b. The spinal rats had significantly 
more quick flips (¢=3.02, p<0.01), long flips (*=5.33, 
p<0.01) and cups (t=2.43, p<0.01) than sham-transected 
animals, as seen in Fig. 4. These data corroborate previous 
reports [20, 23, 28]. 

During the 15 minute observation period following vehicle 
injection none of the spinally transected rats showed evi- 
dence of seminal emission or genital activity within the 
penile sheath. In contrast, all seven of these animals had a 
seminal emission following RDS-127 treatment (x? with cor- 
rection=10.286, p<0.005), induced 1.73+0.38 minutes from 
injection. Only one of the drug-treated spinal rats had a sec- 
ond emission of seminal fluid. The mean total amount of 
seminal material produced per animal in the 15 minute inter- 
val was 17.9+5.9 mg (dry weight). Penile activity within the 
sheath during the first 15 minutes following RDS-127 treat- 
ment did not appear to differ from the activity following 
vehicle treatment. 

No differences were seen in the penile reflexes of the 
spinal rats between the first test, following the normal 
protocol, and the second test in which the animals were in- 
jected with vehicle and restrained 15 minutes without retract- 
ing the sheath in the reflex tubes, see Table 1. All seven 
animals showed penile reflexes. However, following RDS- 
127 administration, one rat failed to show reflexes in the 
allotted interval and was excluded from the statistical 
analysis. Scores from the 3 reflex tests of the spinal rats were 
analyzed by an ANOVA with repeated measures to deter- 
mine F values, followed by a Newman Keuls’ test for spe- 
cific comparisons to determine p values. An additional Stu- 
dent’s f-test was performed on the scores from the sham 


TABLE | 


ANALYSIS OF PENILE REFLEXES OF SPINALLY TRANSECTED 
RATS TESTED IN THREE PARADIGMS 





Ordered Differences 
Between Group Means 
ANOVA 


Reflex Measures F-value AB AC BC 





24.90* 0.29 
15.08* 0.17 
20.64* 0.83 
18.79* 4.33 
7.677 1.33 


Latency (min) 
Erections (No.) 
Quick Flips (No.) 
Long Flips (No.) 
Cups (No.) 





A=Normal reflex test paradigm. 

B=Normal paradigm preceded by vehicle injection and 15 minute 
observation period without retracting the penile sheath. 

C=Normal paradigm preceded by RDS-127 treatment and 15 
minute observation period without retracting the penile sheath. 

One-way analysis of variance (repeated measures) with Newman 
Kuels’ test. 

*p<0.01; *p<0.05. 


controls versus the spinal rats following RDS-127 treatment. 
As seen in Table | and Figs. 3a and 3b, and 4, administration 
of RDS-127 significantly inhibited the penile reflexes of the 
spinally transected rats. The latency to the first reflex was 
significantly longer (p<0.01) and the incidence of all scored 
responses was lower (p<0.01 for erections and flips; p<0.05 
for cups) following RDS-127 treatment compared to the 
normal test or the vehicle control test. 

RDS-127 was thus seen to suppress the enhanced display 
of penile reflexes following spinal transection. When com- 
parisons were made between the reflexes of the sham con- 
trols and the responses of spinal rats treated with RDS-127, 
only the frequency of erections was significantly different. 
Spinally transected rats had a significantly lower incidence 





RDS-127 AND GENITAL REFLEXES 


of erection following RDS-127 treatment than did untreated 
sham controls (¢=5.08, p<0.01). 

RDS-127 administration resulted in the following behav- 
ioral effect in all seven spinal rats: The tail was very rigid and 
moved slowly from side to side, the testes were retracted and 
the penis and feet had a purple color. The hindlimbs and toes 
were rigidly extended. When the animals were released at 
the end of the test they pulled themselves into the testing 
cylinder, in contrast to their efforts following vehicle treat- 
ment to push themselves out of the tube. The animals and the 
inside of the tube were very damp at the end of the test, 
presumably from water loss by expiration and possibly sali- 
vation. When placed on a flat surface after the test, they 
exhibited a crossed reflex activity in the paralyzed 
hindlimbs, such that as the front limbs pulled them forward 
the hindlimbs showed ‘‘paddling’’ movements. One animal 
died within two hours and a second spinal rat died within 12 
hours of RDS-127 injection. 


DISCUSSION 


RDS-127 has been shown to be a potent and specific cen- 
tral dopamine (DA) receptor agonist in terms of its phar- 
macological, electrophysilogical, and behavioral effects, 
using locomotor and rotational models [3,4]. In the present 
investigation, a moderate dose of RDS-127 induced seminal 
emission within three minutes of IP injection and suppressed 
the display of penile reflexes in both intact and spinally tran- 
sected rats. As previously reported, the same dose of RDS- 
127 selectively reduced the intromission frequency and 
shortened the ejaculation latency of rats during copulation 
[16]. Peripheral DA receptor blockade, utilizing prior treat- 
ment with domperidone, did not affect the RDS-127 induced 
seminal emission nor the reduction in the ejaculatory 
threshold [15]. It is thus proposed that DA receptor activa- 
tion simultaneously stimulates a spinally mediated compo- 
nent of the ejaculatory mechanism and inhibits the spinal 
mechanism generating penile reflexes. 

Stimulation of DA receptors by a number of pharmacolog- 
ical agents has been reported to induce repeated episodes of 
penile erection [5, 6, 7, 10]. Penile erection, PE, was defined 
by these authors [5] as a sudden extrusion of the penis from 
the sheath, while the rat is observed in a glass cage mounted 
on a mirror, and is thus quite distinct from the erection de- 
scribed during the penile reflex test. In the present study, 
extrusion of the penis following RDS-127 administration was 
only observed in conjunction with seminal emission, and 
then, only with the production of large plugs. It is possible 
that with ventral viewing, as described above, penile extru- 
sion might have been observed with the emission of the 
smaller plugs as well. That seminal emission is reported to 
frequently accompany PE in the studies cited above [5, 7, 10] 
supports our observations. It is possible that failure to detect 
seminal emission with each episode of PE in these studies 
may be due to production of small plugs, which would be 
overlooked if the investigator was not directing special at- 
tention to plug emission. 

It should be appreciated that the investigator cannot rely 
upon collection of seminal material as the total evidence of 
seminal emission, unless the animals have been restrained 
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from genital grooming, because rats readily consume the 
coagulated plugs [9,25]. Furthermore, even if grooming is 
prevented, the plug may remain adhered to the penis, within 
the sheath, for several hours [26,29]. It is therefore neces- 
sary to retract the sheath and examine the penis to accu- 
rately assess the incidence of seminal emission for any given 
interval. 

Behavioral observations of rats during RDS-127 induced 
emission, and concomitant with emission induced by aman- 
tadine [7] or apomorphine [5], were identical to observations 
recorded during spontaneous seminal emission, (SSE; 
[26,29]). Moreover, whereas ejaculation in copula resulted in 
suppression of subsequent SSE for two to four days [1, 8, 
31], RDS-127 induced emission did not affect SSE in the 
three day period following administration. Likewise, SSE 
did not prevent subsequent spontaneous production of semi- 
nal plugs. Finally, midthoracic spinal cord transection did 
not alter the pattern of SSE [29] or RDS-127 induced seminal 
emission described for spinally intact rats. It is therefore 
proposed that similar mechanisms may underlie the drug- 
induced and spontaneous seminal emission. 

There is good evidence for the existence of dopamine 
neurons, independent of noradrenergic neurons, in the spinal 
cord of the dog and monkey [11], rat [17] and cat [14]. It has 
been demonstrated that a descending dopaminergic projec- 
tion to the spinal cord of the rat arises from the diencephalic 
A-11 neurons which may represent a descending component of 
the dorsal periventricular catecholamine system [12]. The 
ability of the spinal cord DA receptors to modulate motor 
output in the spinally transected, laminectomized cat was 
recently indicated by the depression of monosynaptic 
transmission by DA agonists, which was prevented by pre- 
treatment with DA antagonists [14]. The present investiga- 
tion presents evidence that spinal dopaminergic activity may 
be involved in the inhibition of penile reflexes and the acute 
stimulation of seminal emission in the rat. It is unclear 
whether separate mechanisms underlie these events. 

Finally, in the second experiment presented here, animals 
which responded to RDS-127 injection with multiple emis- 
sions had significantly shorter ejaculation latencies and in- 
terintromission intervals during copulatory tests conducted 
prior to drug treatment than animals which had no, or only 
single, seminal emissions. Moreover, heavier drug-induced 
plugs were produced by the animals which had multiple 
emissions. A correlation was thus seen between the animal’s 
normal ejaculatory threshold and the responsiveness, in 
terms of seminal emission, to dopaminergic stimulation by 
RDS-127. This finding warrants further investigation. 
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BEHAV. 296) 979-987, 1982.—The lateral hypothalamus and other structures in the forebrain were explored with microelec- 
trodes in the male rat under urethane anesthesia before and after IV injections of testosterone. In the lateral hypothalamus, 
significant proportion of neurons responded after a few minutes to the hormonal increases by changes in firing rate. These 
responses could be attributed neither to a solvent effect nor to generalized changes in cerebral activity as indicated by EEG 
monitoring. The rapid onset implies that the steroid molecule exerted a non-genomic effect on target cells. The brain cells 
detected here were either such testosterone target cells or other neurons transsynaptically connected to them. All units 
tested with estradiol and testosterone reacted in the same way to both steroids, suggesting that testosterone acts after being 
aromatized into estradiol. This supports a possible role of these neurons in the regulation of male sexual behavior. Their 
involvement in the modulation of motivation during the appetitive component of sexual behavior, according to the hor- 


monal state of the subject, is discussed. 


Medial forebrain bundle 
Aromatization 


Male rat 
Testosterone 


Hypothalamus 
Steroid action 


IN male mammals, the main locus of action of gonadal 
steroids in the activation of male sexual behavior is consid- 
ered to be the medial preoptic-anterior hypothalamic area 
(MP-AH), as demonstrated essentially by the results of 
steroid intracranial implants [37]. However this behavior is 
also influenced by stimulation or lesions at the level of me- 
dial forebrain bundle in the lateral hypothalamic area and its 
extension into the lateral preoptic area (LHA-MFB) [34]. 
Thus it is not surprising that neurons in LHA-MFB can ex- 
hibit electrophysiological changes following testosterone 
administration [40], similar to preoptic neurons [44] or cor- 
ticomedial amygdala afferents to MP-AH [31]. 

The purpose of the present study is to describe the spatial 
distribution of those neurons which respond to an IV injec- 
tion of androgen and try to elucidate both the mechanism of 
action underlying these responses and their functional signif- 
icance. In particular, the simultaneous recording of unitary 
potentials and electroencephalogram (EEG) should indicate 
if these responses do not simply reflect generalized changes 
in brain activity, as do hypothalamic reactions to 
progesterone [33,47]. Conversely, if testosterone elicits 
more specific effects on LHA-MFB neurons, such effects 
might be related to either the mediation of sexual behavior or 
the control of gonadotrophin secretion. In order to support a 
possible role of responsive cells in the former behavioral 
regulation, the efficiency of estradiol has been compared to 
that of testosterone, since it is generally assumed that, in the 


Male sexual behavior 


Unit activity EEG 
Sexual arousal 


Electrophysiology 


male rat, testosterone exerts its influence on male sexual 
behavior through transformation into estradiol [34]. Some 
preliminary data [40] are included in the statistical analyses 
of the present study. 


METHOD 
Animals and Operative Procedures 


Experiments were performed on 61 adult male Wistar 
rats, sexually inexperienced, weighing 180-350 g. The 
animals were anesthetized with urethane (1.5 g/kg IP). They 
were not gonadectomized since preliminary experiments [40] 
failed to show any significant difference between respon- 
siveness from normal and castrated males probably because 
plasma androgen level is low in the two groups by the 3rd 
hour following urethane administration [15]. The left jugular 
vein was cannulated, the skull fixed in a stereotaxic head- 
holder, according to De Groot’s coordinates [13], and finally 
a limited area of the dorsal surface of the brain was exposed 
in order to insert recording electrodes. Throughout the ex- 
periment, the rectal temperature was monitored and main- 
tained close to 37°C. 


Recording 


Extracellular unit potentials were recorded from glass 
micropipettes (tip diameter: 1-3 ym) filled with a potassium 
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chloride solution (3 M) in the first experiments and a sodium 
chloride (2 M) or sodium acetate (0.5 M) plus pontamine 
skye blue (4%) solution in the latter ones. These electrodes 
could be advanced in 1 um steps in the vertical plane with a 
micro-manipulator. The recorded potentials were led, via a 
cathode follower, to an AC preamplifier and continuously 
displayed on an oscilloscope whose trace was filmed from 
time to time during a 10 sec period. The discharge frequency 
was measured either on the film or with a pulse counter 
following amplitude selection through a window dis- 
criminator. The EEG was recorded between two symmetri- 
cal silver electrodes set on the frontal cortex, 1 mm anterior 
to the bregma and | mm lateral to the midline. 


Hormone and Control Injections 


Steroid injections were administered via a jugular cannula 
and four different types of compounds (Sigma Chemical 
Company) were used: testosterone acetate or testosterone 
propionate dissolved in propylene-glycol (100 4g/50 ul or 250 
pg/25 wl or 500 wg/50 pl), testosterone hemisuccinate dis- 
solved in saline (100 ug/ml) and estradiol benzoate dissolved 
in propylene-glycol (100 ug/50 pul). Possible effects of IV 
injection of propylene-glycol alone were also tested. 


Histology 


After each experiment, the brain was perfused with 
80-100 ml of 10% formalin and postfixed in the same solution 
during 24 hr. Frozen sections of the brain, 50 um thick, were 
cut in a coronal plane and stained with cresyl-violet in order 
to confirm electrode position. In some cases (see Fig. 2C), 
the tip of the electrode had been marked before sacrificing 
the animal, by an electrolytic lesion or by iontophorising the 
dye Pontamine [17]. 


Statistical Treatment 


Changes in the discharge frequency following the injec- 
tions were evaluated, in order to determine latency and du- 
ration of effects, and considered significant as follows: In 
cases where relatively stable baseline discharge frequencies 
were observed for given neurons, the mean discharge fre- 
quencies for time periods prior to and after injections were 
compared using the Student r-test. This method is illustrated 
in Fig. 2. In fewer cases where spontaneous fluctuations in 
baseline discharge frequencies were observed, curve slopes 
(determined by the linear regression method) for time 
periods prior to and after injections were also compared 
using the Student /-test. The chi square test was utilized to 
compare the ratio of responsive versus nonresponsive 
neurons in different brain areas. 


RESULTS 
Patterns of Early Responses 


Among 125 forebrain units recorded before and after 
androgen administration, 39 responded by changes in firing 
rate with a latency of a few minutes. Response patterns were 
similar whatever the anatomical location of the cells, and 
indeed have been examined independently of it. These pat- 
terns can be seen on time-activity histograms showing either 
the firing rates at sampling times (Fig. 1 and 3) or the mean 
firing rate during critical periods (Fig. 2). The responses 
consisted of an increase in the spontaneous activity for 25 
cells (Fig. 1A, 2B) and a decrease for 14 cells (Fig. 1B, 2A). 


ORSINI 


The time course of these effects differed from one cell to the 
other; the mean values (+S.E.) were 4.4 min +0.5 for the 
latency and 27.3 min +1.6 for the duration. The same type of 
responses could be obtained following administration of tes- 
tosterone acetate (23 cells) as well as _ testosterone 
proprionate (21 cells) or testosterone hemisuccinate (2 cells), 
although the dose was 5-fold lower for the latter. Moreover, 
whenever two different compounds were tested on the same 
cell (7 cases), the reaction to both esters was the same (Fig. 
2A). More generally, whenever 2 or 3 successive testos- 
terone injections were tested on the same neuron, the corre- 
sponding responses were in the same direction and displayed 
very closely similar patterns. In some cases, as in Fig. 2B, 
the activity of different cells, close to each other and re- 
corded simultaneously, exhibited different types of re- 
sponses to the hormone administration. 


Effects of Estrogen and Control Injections 


The effect of solvent injection (i.e. the same volume of 
propylene-glycol as used as vehicle) was tested on 77 cells. 
No change could be detected (Fig. 1A, 2B) except a brief 
increase of the discharge frequency for 2 cells and a brief 
decrease for 11 cells. But the very short latency and duration 
of these effects make them quite distinct from that of re- 
sponses to hormone. When testosterone was dissolved in 
saline, instead of propylene-glycol, the usual kind of re- 
sponse was obtained (Fig. 2A). In 11 cases, injections of 
estradiol benzoate and testosterone proprionate were tested 
on the same cell. Seven neurons appeared unresponsive to 
these steroids and 4 neurons reacted to both of them in the 
same way, i.e. by an increase (1 cell) or a decrease (3 cells) of 
the discharge rate (Fig. 3) with a similar time course. 


EEG Monitoring 


The cortical EEG was recorded simultaneously with the 
response of 13 units. In 11 cases the corticogram displayed 
spontaneous transitions typical under urethane anesthesia 
[33] between a high amplitude-slow wave pattern i.e. syn- 
chronized EEG or sleep-like EEG and a low amplitude fast 
wave pattern i.e. desynchronized EEG or arousal-like EEG. 
For six cells, the resting activity did not show any significant 
relation to the EEG state, whereas five cells changed their 
discharge rate when the EEG was modified: in three of them 
the frequency was increased during desynchronized EEG and 
decreased during sleep-like EEG; in the two others, the op- 
posite correlation was observed. These EEG-correlated cells 
did not appear more or less responsive to hormone injection 
than the other neurons. The EEG seemed more often unaf- 
fected by hormone injections: testosterone (like estradiol) 
elicited EEG effects in only two rats. In one case, the effects 
of estrogen and androgen were in the direction of a more 
desynchronized EEG, and in the other case, the record be- 
came more synchronized after injection of the two steroids. 
Simultaneous single-unit recording showed that the EEG ef- 
fects were associated with a cell response in the second case 
only. 


Location of Unresponsive and Early-Responsive Cells 


Among the 93 neurons localized through histological con- 
trol, the 30 responsive ones were distributed in various fore- 
brain structures (hypothalamus, septum, thalamus). How- 
ever, the proportion of responsive neurons was different ac- 
cording to the location. This proportion was significantly 
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FIG. 1. The number of spikes per second presented as a function of time in min for 2 different cells. The activity was filmed on 
the oscilloscope every few minutes during 10 sec and the number of spikes was determined and divided by 10. (A) Neuron 
whose firing rate was unaffected by a solvent injection (50 ul propylene glycol IV), and increased after a testosterone injection. 
(B) Neuron whose firing rate decreased after a testosterone injection. 
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FIG. 2. Mean firing rates (+S.E.) presented as a function of time periods during which comparisons were made as 
described in the method section. (A) Mean firing rate of a neuron: (a) before testosterone IV injection (100 wg in | ml 
saline); (b) immediately after this injection (latency); (c) during the early response (decreased activity); (d) during the 
post-reactive period: no significant difference with (a); (c’) during a second early response following IV injection of 
testosterone propionate (500 ug in 50 ul propylene-glycol); (d’) during the post-reactive period: late response. (B) Mean 
firing rate of 3 different neurons (I, II, III) recorded simultaneously: (a) before injections; (b) after a solvent injection (50 yl 
propylene-glycol IV); (c) immediately after testosterone acetate injection (500 ug in 50 ul propylene-glycol I'V); latency; (d) 
early response only in cells I and II (increased frequency); (e) late response only in cell II (increased frequency). (C) 
Histological location of the cells (black arrows). C (A): the neuron recorded in (A) is equally distant from the 2 stained spots 
(marked by Pontamine sky blue). C (B): the 3 neurons recorded in (B) are situated in the region marked by electrolytic 
lesion. 
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FIG. 3. Scatterplot of frequency vs time illustrating the successive responses of the same cell to testosterone propionate 
and estradiol benzoate injections. The number of spikes was counted every 2 minutes during 10 sec and divided by 10. 


more important (p<0.05) in LHA-MFB than in the other 
structures considered altogether. The monoplanar projection 
of recorded units on a parasagittal plane (Fig. 4) failed to 
display any spatial pattern of responsive neuron distribution. 


Late Responses 


Late effects of testosterone, beyond the scope of this 
study, were not investigated systematically. Nevertheless, 
examples of mixed reactions must be mentioned: in some 
cases, the responses presented an early onset, but was main- 
tained for more than 40 min. In other cases, the early re- 
sponse was followed by a late one, in the same (Fig. 2B I) or 
in the opposite direction (Fig. 2A). 


DISCUSSION 


The responses to a rise of plasma testosterone obtained 
here are essentially characterized by shorter latencies than 
those (5-15 min) measured by Pfaff and Pfaffman [44] under 
similar conditions of male rats under urethane anesthesia. 
According to Mc Ewen’s criteria [38], they can be classified 
as ‘“‘non-genomic effects.’’ They are incompatible with the 
general model of steroid-hormone action i.e. the binding of 
the steroid molecule with a cytoplasmic receptor, and then 
the translocation of the steroid-receptor complex to the nu- 
cleus, where it influences, through messenger-RNA, the syn- 
thesis of specific proteins [26]. In the central nervous sys- 
tem, such a slow process exists [28,56] and could be involved 
in trophic effects (brain growth) [36] as well as in some ac- 
tivational effects of gonadal steroids (neuroendocrine and 
behavioral regulations in the adult) [5,37]. But this process is 
too much delayed to explain the very early responses (la- 
tency: a few seconds) elicited in some brain cells by mi- 
croiontophoretic or pressure ejection of steroids [29, 30, 45, 
59, 60]. It can also hardly account for rapid neuronal reac- 


tions to IV administration of either estrogen [14,57] or the 
present data on testosterone. 

All of these responses strongly suggest another kind of 
steroid action upon target neurons and two other sets of data 
confirm this idea. (a) A mediation of steroid influence by 
adenosine -3'5’-cyclic monophosphate (c-AMP) has been 
suspected for years [39]. It is noteworthy that c-AMP is 
probably involved in steroid effects on male sexual behavior, 
since theophylline, which increases intracellular c-AMP 
levels, potentiates the action of both testosterone and es- 
tradiol on induction of male copulatory patterns [10,11]. (b) 
The hypothesis of a direct coupling of steroid molecules with 
membrane receptors has been proposed [5] and the interac- 
tion of progesterone with the oocyte membrane of amphi- 
bians furnishes an example of such a coupling [3]. This 
example can be extended to the effect of estrogen on mam- 
malian neurons, since iontophoresis of acid estradiol, which 
does not interfere with intracellular receptors, can still trig- 
ger very rapid changes in hypothalamic unit discharges [9]. 
Thus the time course of our responses to IV androgen is 
compatible with a direct effect on testosterone sensitive 
cells. Such neurons have been found by Yamada in the lat- 
eral septum and preoptic area [59]. The responsive units we 
recorded were not necessarily comparable target cells and 
could be other neurons transsynaptically connected to them: 
Yamada’s neurons are less numerous and more anatomically 
localized than ours, and they always responded by a dis- 
charge activation. All of these neurons quickly responding to 
androgen administration could also react to spontaneous 
short-term fluctuations of plasma testosterone pointed out 
by radioimmunoassays [2, 52, 54]. 

However, the steroid action on nervous tissue is complex 
and probably implies several cellular events {5]. It could thus 
be explained that responses of different kinds (i.e. more or 
less delayed) to systemic estradiol, were obtained in female 
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FIG. 4. Monoplanar projection on a parasagittal plane of 93 tested neurons, well localized by histological control: O-non-responsive neurons; 
@-neurons responding with an increased firing rate; G-neurons responding with a decreased firing rate. AC-anterior commissure; 
H-hippocampus; HTH-hypothalamus; LM-lemniscus medialis; LS-lateral septum; MG-medial geniculate nucleus; OT-optic tract; SN- 
substantia nigra; TU-olfactory tubercle; VT-ventral thalamus; ZI-zona incerta. 


rat hypothalamus [14, 57, 58]. In the same way, it is not 
surprising that in the male, responses to testosterone with 
quite different latencies were obtained by us and by other 
authors [44]. Moreover, our recordings of successive early 
and late responses, or of prolonged responses, suggest that 
different mechanisms might coexist in the same cell. 
Various sources of artifacts or indirect effects, capable of 
interfering with our responses have been examined. 
Propylene-glycol has been used as a steroid vehicle by many 
authors, and some of them tested its effects, if injected alone, 
on neuronal discharge. Whereas certain investigators found 
no effect [1,14], others [44] sometimes observed a brief 
change, as we did for 14 out of the 77 cells tested. This 
solvent effect is short enough to be clearly distinguished 
from the effect proper to the hormone itself. Besides, a simi- 
lar pattern of response was elicited by testosterone dissolved 
in propylene-glycol and in saline. In other respects, the re- 
sponses were not associated with a particular testosterone 


compound: various esters were capable of evoking com- 
parable response patterns. 

Although largely above normal levels, the doses of hor- 
mone we injected were those usually applied in order to 
detect behavioral or physiological effects of testosterone. 
The neuronal responses they elicited did not seem general 
and aspecific reactions of the central nervous system, since 
neurons close to each other reacted simultaneously in differ- 
ent ways to hormonal increases. These responses could 
hardly be the simple result of changes in arousal level: tes- 
tosterone effects on EEG were rarely found (2 cases), and 
the testosterone-responsive cells in LHA-MFB were not svs- 
tematically EEG-correlated cells. In this respect, LHA-MFB 
units and preoptic ones behave similarly: EEG changes are 
not associated with testosterone responses in the preoptic 
area either, as opposed to those of units located in the 
mesencephalic reticular formation [44]. 

Responsive neurons are widely distributed throughout the 
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forebrain: we localized them in hypothalamic, septal and 
thalamic structures. Unit responses to testosterone were 
also recorded in the olfactory bulb and mesencephalon [44]. 
Testicular androgens can even influence sexual reflexes in 
spinal rats [19] by means of a direct action on spinal neural 
tissue [20], and target cells for steroids, including androgens, 
were recently mapped by radioautography in the spinal cord 
[53]. 

The number of responsive neurons is greater in LHA- 
MFB than in all other structures we explored. Despite the 
weak androgen uptake displayed in LHA-MFB neurons by 
radioautography [48], this result is not surprising in view of 
the implication of LHA-MFB in male sexual behavior, as 
pointed out by converging data on consequences of lesions 
[7, 22, 23, 24] and of stimulation [6, 8, 55] performed at this 
level. 

The LHA-MFB could be a relay for the influences 
exerted by the MP-AH on the brain-stem sensorimotor sys- 
tems involved in male sexual behavior as suggested by the 
efficiency of extensive parasagittal knife cuts between the 
two areas [42,51]. A recent study [18] tends even to prove 
that the disruption of copulation following electrolytic 
LHA-MBFB lesions was due to the interruption of fibers 
originating in MP-AH. But the LHA-MFB could play a more 
specific role in the appetitive arousal component of this be- 
havior than in the further copulatory sequence itself: the 
former and the latter components are selectively affected by 
lesions at the level of MP-AH and LHA-MFB respectively 
[22]. In rats [16, 18, 21] and mice [4], MP-AH injured males 
often still display towards the female a number of pre- 
copulatory behaviors such as anogenital sniffing. 

In order to specify the function of testosterone responsive 
neurons able to follow diurnal changes of circulating 
androgen, we have to precisely determine whether the tes- 
tosterone level can influence behavioral events. As far as we 
known, no correlation has been found, within a population of 
intact male rats, between any measure of copulatory per- 
formance and plasma testosterone titers [12], although 
gonadal hormone manipulations can influence copulation, 
and to a lesser extent [35] number of precopulatory patterns 
[25]. About these preliminary arousal processes inducing a 


specific motivation state that allows copulation, two sets of 
data may be related. On the one hand, androgen release 
seems to be linked to sexual motivation: during the exposure 
to a female, testosterone level increased in the male rats [46] 
except in the nonmating ones which showed no interest 
towards the female [27]. On the other hand, LHA-MFB is 
involved in sexual motivation and in copulation triggering, 
and displays reward properties which are androgen depend- 
ent: (1) stimulus bound approach of the females, stimulus 
bound copulation and bar pressing for the opportunity to 
copulate were produced by electrical stimulation of posterior 
LHA-MFB; (2) self stimulation at the same sites decreased 
after castration and increased with testosterone injections 
[6,8]. 

The previous data are consistent with a role of LHA-MFB 
neurons in male sexual motivation in association with the 
plasma testosterone level. This function is perhaps exerted 
by modifying responsiveness to the sensory stimuli which 
are significant with regard to sexual performance, like olfac- 
tory cues originating in the female [34]. The ventral LHA- 
MFB receives an important olfactory input [49,50], and prior 
results of a 2-deoxyglucose study suggest an influence of 
female odors upon the male LHA-MFB [41]. According to 
the aromatization hypothesis generally assumed in the rat 
[34], such a behavioral role implies that testosterone acts on 
these cells, as on other forebrain neurons [32], after being 
converted into estradiol, and the fact that ali neurons suc- 
cessively tested with androgen and estrogen injections re- 
acted to both steroids in the same way supports this view. 
But a possible neuroendocrine role, like the excitatory and 
inhibitory influences exerted by LHA-MFB afferents to 
MP-AH on gonadotrophic secretion in the female rat [43], 
should not be entirely discarded. 
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ALBERT, D.J.,M. L. WALSH, J. RYAN AND Y. SIEMENS. Mouse killing in rats: A comparison of spontaneous killers 
and rats with lesions of the medial hypothalamus or the medial accumbens nucleus. PHYSIOL. BEHAV. 29(6) 989-994, 
1982.—Mouse killing was observed and videotaped at forty-eight hr following surgery in rats with lesions of the medial 
hypothalamus or the medial accumbens. The initial attacks and killing bites of the lesioned rats were directed at the anterior 
dorsal surface, predominantly to the regions of the neck, shoulders, and thorax and did not differ from those of spontaneous 
mouse killing rats. The latency to attack was significantly shorter for the lesioned animals but the time required to kill 
following the attack tended to be longer. Lesioned animals spent significantly more time biting the prey following the kill 
and left significantly more bite marks on the prey than did the spontaneous killers. When the dead prey was moved about 
the cage following the kill, the lesioned animals showed a significantly greater tendency to attack it than did the spontane- 
ous killers. Following the test of mouse killing, each rat was successively exposed to a freshly killed mouse, a cotton wad, 
and a wood block. The lesioned animals attacked the dead mouse and the cotton wad as though they were live mice 
whereas the spontaneous killers did not. These results suggest that while the killing is similar for lesioned and spontaneous 
killers, the lesioned animals show a heightened response to the killing experience. This is manifested in an exaggeration of 
attack behaviors toward prey and prey-like stimulus objects following an initial killing experience. 


Aggression Predation Mouse killing 


Medial hypothalamus 


Medial accumbens 


MOUSE killing is induced by lesions in the medial hypothal- 
amus, the medial accumbens, the lateral septum, the dorsal and 
median raphe, and the region of the olfactory bulbs (see [9] 
for a review). However, the motivational basis for this be- 
havior is clouded in uncertainty because of the multiplicity of 
changes in agonistic behavior induced by these lesions [2, 6, 
9}. In recent experiments we have begun to examine the 
lesion-induced mouse killing by comparing it to the mouse 
killing which occurs spontaneously. Rats which are induced 
to kill by lesions of the medial accumbens or medial hypo- 
thalamus kill with the same latency and eat about the same 
amount of prey as do spontaneous mouse killing rats [3,8]. 
When lesioned rats which kill mice and are reactive to the 
experimenter are introudced as intruders into a mixed sex 
colony, they do not exhibit piloerection or attack behavior 
toward adult rats in the colony group [5,7]. Some of the 
lesioned animals behave like spontaneous mouse killers in 
that they attack and kill weanling rats that are present [5,7]. 

The present experiment was intended to make further 
comparisons between the mouse killing behavior induced by 





lesions and that which occurs spontaneously. In addition, 
the present experiment compared the response of these 
animals to a dead mouse, a wad of cotton, and a block of 
wood. The areas lesioned in the present experiment were the 
medial hypothalamus and the medial accumbens nucleus. 


METHOD 


The subjects were 54 naive, male hooded rats obtained 
from Charles River, Canada, weighing 300 to 400 g. The rats 
were housed in individual cages and were gentled 10 min per 
day for at least five days in succession because this has been 
shown to enhance the effectiveness of lesions in inducing 
mouse killing [4,10]. Two days prior to surgery, each rat was 
transferred to an individual Plexiglas living cage (20x 30x45 
cm high) which allowed an unobstructed view of the animal's 
behavior. 


Surgery 


Bilateral electrolytic lesions were made using standard 
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surgical procedures [1,6]. The coordinates for the lesions of 
the medial accumbens were: 2.9 mm anterior to bregma, 0.9 
mm lateral to the midline, and 6.9 mm ventral to the cortical 
surface (mouth bar 5.0 mm above the level of the interaural 
line; [17]. The coordinates for the lesion of the medial hypo- 
thalamus were: 0.0 mm anterior, 0.7 mm lateral, and 9.2 mm 
ventral. A 2.0 mA current applied for 23 sec was used to 
make each lesion. Following surgery the animals were in- 
jected with penicillin and then returned to their living cage. 


Behavioral Testing 

Behavioral testing for mouse killing was carried out in the 
colony area under the usual level of colony illumination. 
Television cameras (JVC GS 2500; JVC GS 4600U each with 
a JVC HR-6700U recorder), placed on opposite sides of the 
Plexiglas cage, recorded the rat’s behavior. In addition, syn- 
chronized voice recordings were made of two observers 
placed on opposite sides of the cage. Prior to the beginning of 
testing and following the setting up of all the testing appara- 
tus, there was a 15 min quiet adaptation period in which the 
rat was left undisturbed. 

Each rat was first tested for its response to a mouse. This 
was done by simply dropping a weighed adult albino mouse 
(about 35 g, male or female) into the rat’s cage. If the rat 
killed the mouse within a 5 min period, the latency to kill and 
the location of the killing bites were recorded by each ob- 
server. If the rat did not kill, it was excluded from the exper- 
iment. 

Rats that killed had the dead mouse left in the cage for 3 
min following the kill. After this, the mouse was grasped by 
the tail with large forceps and moved 10 to 15 cm vertically 
from the floor of the cage several times in succession to 
determine the rat’s response to this movement of the dead 
prey. Then, the mouse was moved laterally to observe the 
rat's response. Following removal of the dead prey from the 
cage, its weight was recorded. 

A second mouse was placed in the cage 5 min after the 
first one had been removed. The same data were recorded in 
respect to the kill of the second mouse with one exception. If 
the rat had responded with attack to the vertical and horizon- 
tal movement of the prey following the first mouse kill this 
was not reexamined following the second mouse kill. 

Five minutes following removal of the second mouse from 
the rat’s cage, the rat was tested for its response to a mouse 
that had been freshly killed using carbon dioxide suffocation. 
The intensity and latency of the rat’s initial response to the 
dead mouse were noted (see Results). The mouse was left in 
the cage for a 2 min period following a clear orientation to the 
mouse by the rat. 

A cotton wad (five 10x50 mm rolls of dental cotton tied 
together with white cotton thread and which previously had 
been placed in a cage of mice for 10 min) was dropped into 
the rat’s cage 5 min after the previous stimulus mouse was 
removed. The latency and intensity of the response to the 
cotton wad were noted. The cotton wad was left in the cage 
for a 2 min period following a clear orientation to it by the 
rat. 

A wood block (406010 mm thick piece of plywood 
which previously been placed in a cage of mice for 10 min) 
with a thread wrapped around it was gently dropped into the 
rat’s cage 5 min after the cotton wad was removed. The 
latency and intensity of the response to the wood block were 
noted. The block was left in the cage for 2 min following a 
clear orientation to it. 
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Following behavioral testing, the number and location of 
visible bites on the bodies of the prey were recorded. The 
videotapes were examined by viewing them in slow motion 
and in still frames. The initial estimates of latency to attack 
and the location of killing bites were confirmed from the 
videotapes. In addition, the duration of the attacks, the 
length of time spent biting the dead prey, and the intensity of 
each attack were scored (see Results for this rating proce- 
dure). 

Following the tests for mouse killing, each rat was re- 
turned to a standard laboratory individual living cage. Reac- 
tivity to the experimenter was measured the following day in 
a 606060 cm high box with an open top and dried corn 
chips (Sani-Cel) on the floor. Reactivity was assessed by 
exposing the rat to a series of stimuli which can be concep- 
tualized as increasingly threatening but to which a normal rat 
shows little or no response. These stimuli were (in order of 
presentation) a pencil placed in front of the nose, a tap on the 
back with a pencil, a gloved hand placed in front of the nose, 
a poke in the side with a blunt rod, grasping by the tail, and 
grasping by the abdomen. The rat’s response to each of these 
stimuli was scored on a scale of 0 to 3, 0 being little or no 
response and 3 being a highly agonistic response (for further 
details see [1, 6, 11, 12]). The maximum reactivity score 
obtainable was 24. 


Histology 


Following behavioral testing, each rat was killed. It’s 
brain was later sectioned in a cryostat and stained with cre- 
syl violet. 


RESULTS 
Response to a Live Mouse 


There was no difference in the intensity of the initial re- 
sponse to the mouse by the animals in the different groups. 
Intensity of the response was scored on a scale of 0 to 4: 0—a 
sniff; 1—nibbling or gentle pawing; 2—superficial biting and 
pushing the mouse; 3—sniffing followed by lunging attack 
within 2 sec; 4—a lunging attack. The median response in- 
tensities for the groups were similar; medial hypothalamic 
lesions, 3.0, medial accumbens lesions, 3.0, spontaneous 
mouse killers, 3.0. 

The initial site of attack on the first mouse was also simi- 
lar for lesioned and spontaneous mouse killing rats. This was 
evaluated by dividing the mouse into five zones: head, neck 
and shoulders, thorax (upper abdomen), lower abdomen, 
and tail. The proportion of animals directing their initial bite 
at either the neck or shoulders, or thorax was: medial hypo- 
thalamic lesions—6/11; medial accumbens lesions—7/9; 
spontaneous killers—6/9. The mean number of distinct bites 
before a killing bite also did not differ between groups: me- 
dial hypothalamic lesions, 1.9; medial accumbens lesions, 
2.3; and spontaneous mouse killers, 1.7 (Analysis of Vari- 
ance, p>0.20). There were also no differences between 
groups in the location of the killing bite; for all groups almost 
all lethal bites were delivered to the dorsal region of the neck 
and shoulders, or thorax. 

For the second mouse, the median response intensities 
were: medial hypothalamic lesions, 4.0; medial accumbens 
lesions, 4.0; spontaneous killers, 0.0. Eleven of 11 medial 
hypothalamic animals, and 9/9 medial accumbens animals 
but only 4/10 spontaneous killers had initial response scores 
of 3 or greater (p<0.01 and p<0.05, respectively, Fisher's 
Exact Probability Test). For the second mouse kill there 
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TABLE | 


CHARACTERISTICS OF THE MOUSE KILLING BY RATS WITH MEDIAL ACCUMBENS LESIONS OR MEDIAL HYPOTHALAMIC 
LESIONS, AND BY SPONTANEOUS MOUSE KILLING RATS 





Attack Latency 


Duration of Attack 
Group (sec) (sec) 


Time Biting Time Eating Mean 
(sec) (sec) Bites 





First Mouse Kill 
Med Accumbens 
Med Hypothalamus 
Spon Killer 


Second Mouse Kill 
Med Accumbens 9 
Med Hypothalamus 11 
Spon Killer 9 


10.3 (+4.3)4 
5.0 (+1.8) 
17.1 (+6.1) 


1.2 (+0.6)7 
1.8 (+1.4)* 
9.0 (+1.7) 


17.0 (+2.8) 
15.4 (+3.5) 
9.3 (+1.4) 34.7 (+3.0) 


9.6 (+1.9) 
14.9 (+2.3)* 
7.7 (+1.1) 27.3 (+8.1) 


78.3 (+10.6)* 7.0 (+3.4) 19.1 (+2.0)* 
86.7 (+12.0)7 7.3 (25.2) 16.9 (+3.5)* 
27.9 (+11.4) 9.2 (+1.5) 


15.7 (+4.1) 
14.7 (+2.9) 
8.2 (+1.4) 


39.8 (+15.2 
20.8 (+ 11.6) 
36.9 (+ 16.2) 


68.8 (+ 10.9)* 
78.8 (+12.7)* 





Significantly different from spontaneous killer (Scheffe’s Test), *p<0.05, *p<0.01. 


Standard error of mean. 


were again no differences between groups in location of first 
attack, number of bites prior to a killing bite, or the location 
of the killing bite. 

Additional data for the first and second mouse kills are 
shown in Table 1. The lesioned animals consistently attacked 
sooner than the spontaneous killers but the difference was 
significant only for the second mouse, F(2/26)=10.1, 
p<0.001 (individual comparisons following this and subse- 
quent analyses of variance were with Scheffe’s Test for mul- 
tiple comparisons, see Table 1). Equally significant is the 
remarkably low attack latency (about | sec) for the lesioned 
animals after they had killed their first mouse. However, 
once the attack occurred, the lesioned animals tended to take 
longer to kill than did the spontaneous mouse killing rats, 
F(2,26)=4.3, p<0.05. This was not due to inattentiveness to 
the prey. 

Following the kill the lesioned animals spent significantly 
more time biting the prey than did the spontaneous killers, 
for each kill, F(2,26)>6.0, p<0.001. Correspondingly, there 
were more bites on prey killed by the lesioned animals but 
this difference was statistically significant only on the first 
mouse kill, F(2,26)=4.1, p<0.05 (see Table 1 for individual 
comparisons). The locations of the bites for the different 
groups were compared by recording the zone (see above) of 
each visible bite mark. There were no group differences in 
the region of the prey where biting was concentrated. 

Movement of the dead prey by the experimenter elicited a 
much stronger reaction from the lesion-induced than from 
the spontaneous killers. Vertical movement of the prey elic- 
ited biting or attack similar to that delivered to a live prey in 
9/11 rats with medial hypothalamic lesions, 7/9 rats with 
medial accumbens lesions, but only 1/10 spontaneous mouse 
killing rats (Fisher’s Exact Probability Test, »<0.01 for each 
comparison). Similar differences occurred to lateral move- 
ment of the prey. Finally, 6 of 11 rats with medial hypotha- 
lamic lesions and 5 of 9 rats with medial accumbens lesions, 
but none of 10 spontaneous mouse killing rats would allow 
themselves to be lifted into the air rather than release their 
bite on the dead prey as the experimenter lifted it from the 
cage (Fisher's Test for each comparison, p<0.05). 


Response to the Dead Mouse, Cotton Wad, and Wood Block 


The lesioned rats responded significantly more to the 


TABLE 2 


CHARACTERISTICS OF THE RESPONSE TO A DEAD MOUSE, 
COTTON WAD, AND WOOD BLOCK BY RATS WITH MEDIAL 
ACCUMBENS LESIONS OR MEDIAL HYPOTHALAMIC LESIONS 
AND BY SPONTANEOUS MOUSE KILLING RATS 





Mean Time 
Spent Biting 
or Eating 


Median 
Intensity 


Group of Attack 





Dead Mouse 
Med Accumbens 
Med Hypothalamus 
Spon Killer 

Cotton Wad 
Med Accumbens 
Med Hypothalamus 
Spon Killer 


4.0 (2.3-4.0)7% 81 (+7)§ 
2.0 (1.5—4.0)% 70 (+11) 


0.0 (0.0-0.0) 61 (+12) 


71 (+1193 
59 (+17) 
30 (+12) 


4.0 (2.0-4.0)* 
4.0 (2.0-4.0)* 
0.0 (0.0-1.0) 


Wood Block 
Med Accumbens 
Med Hypothalamus 
Spon Killer 


18 (+7) 
26 (+14) 
17 (+10) 


1.0 (0.0-1.6)7 
1.5 (0.0-3.0)* 
0.0 (0.0—0.0) 





Significantly different from natural killers (Mann-Whitney-U Test): 
*p <0.05, *p<0.01. 

Significantly different from natural killers (Scheffe’s Test): 
tp <0.085. 

§Standard error of mean. 

{Interquartile range. 


freshly killed mouse placed in their cage than did spontane- 
ous killers (Table 2). With the aid of the videotapes, the 
initial reactions to the dead mouse were scored on a scale of 
0 to 4 as described above. The lesioned animals typically 
attacked the dead mouse as if it were a live mouse while only 
one spontaneous killer had a reaction that was not 0 (Table 
2). The differences between groups in amount of time spent 
biting, nibbling, or eating the prekilled prey were not 
significant (Kruskal-Wallis Test). 

The initial response of the mouse killing rats to the cotton 
wad was consistently stronger in lesioned than in spontane- 
ous mouse killing rats (Table 2). The videotapes were again 
used to rate the responses for intensity as described above. 
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The lesioned animals attacked the cotton wad as if it were 
alive while the spontaneous mouse killing rats paid it little or 
no attention (Table 2; Kruskal-Wallis, p<0.01; Individual 
comparisons with Mann-Whitney U-Test). The differences 
in time spent biting or nibbling at the object following the 
initial response were not significant. 

The response to the wood block was not as marked as that 
to the cotton and the groups did not differ in intensity of 
attack or in time spent nibbling or biting the block. However, 
the pattern of differences between the groups remained the 
same. 


Reactivity to the Experimenter and Other Observations 


The mean reactivity scores for rats with medial hypotha- 
lamic lesions (10.4) and for rats with medial accumbens le- 
sions (12.9) were each significantly higher than those of 
spontaneous mouse killing rats (0.4), F(2,26)=13, p<0.001 
(individual comparisons to spontaneous mouse killing group, 
both p’s<0.01). 

Seven rats with medial hypothalamic lesions, 7 rats with 
medial accumbens lesions, and 10 spontaneous mouse killing 
rats did not kill during the behavioral test period. While the 
killing frequencies of the lesioned animals are similar to 
those we have obtained previously when killing was tested in 
standard laboratory cages, the killing frequency among spon- 
taneous killers was noticably lower. In a recent experiment 
[7], the frequency of killing by spontaneous mouse killers 
tested in their standard laboratory living cage was 10/10, 
significantly higher than the 10/20 obtained in the less famil- 
iar and more exposed circumstances of the present experi- 
ment where testing was in a Plexiglas cage with several ex- 
perimenters observing behavior. 


Histology 


Schematic diagrams indicating the brain regions consis- 
tently destroyed by the lesions are shown in Fig. 1. The 
lesions of the medial accumbens were centered on the tissue 
between the rostral arm of the anterior commissure and the 
vertical limb of the diagonal band of Broca. There was fre- 
quently damage to the ventrolateral septum. The lesions of 
the medial hypothalamus destroyed most of the tissue be- 
tween the medial ventricle and a vertical line through the 
fornix. The destroyed tissue included most of the ventrome- 
dial nucleus, the ventral portion of the dorsomedial nucleus, 
and the posterior tip of the anterior hypothalamic area. 


DISCUSSION 


The initial attack on a mouse by lesioned rats bears a 
substantial similarity to that of spontaneous mouse killers. 
The intensity of the attack is comparable and in each case it 
is directed at the rostral dorsal surface, with the neck and 
shoulders being the center of the target region. The effective 
killing bites also occur in this region. While there is variabil- 
ity between animals in each group, there is no clear indica- 
tion of more variability in the lesioned than in spontaneous 
killers. 

Differences in the mouse killing behavior of lesioned and 
spontaneous killers occur following the first mouse kill and 
appear to revolve around a heightened attack tendency in the 
lesioned animals. The lesioned animals attack the second 
mouse with a significantly higher intensity and a significantly 
lower latency than do the spontaneous killers. The extent of 
the heightened attack tendency ts also indicated by the re- 
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markably low level to which the attack latency drops (about 
1 sec) for the second mouse kill. The lesioned animals also 
bite the prey more and spend more time biting the prey fol- 
lowing the kill than do spontaneous mouse killers. 

The high level of the attack tendency in the lesioned 
animals following an initial kill is also reflected in the read- 
iness with which these animals attack nonliving stimuli. 
Movement of the dead prey by the experimenter readily 
elicits an attack from the lesioned killer but not the spon- 
taneous killer. Further, when the lesioned killer attacks the 
moving prey it will hang on with such force that it will allow 
itself to be lifted into the air if the mouse it is holding in its 
jaws is lifted into the air. After killing two mice, lesioned 
animals respond significantly more to a dead mouse or a 
piece of cotton than do spontaneous mouse killers. In fact, 
the response of the lesioned animals to these stimuli appears 
to be the same as to a live mouse. Their response is a lunge 
bite attack that would kill a live mouse. 

The extent to which the heightened attack tendency de- 
pends on the initial experience in killing remains to be inves- 
tigated in detail. However, the present experiment did not 
find differences between lesioned and spontaneous killers in 
the intensity or the latency with which they attacked the first 
mouse. 

We have argued previously that the mouse killing of rats 
induced to kill by medial hypothalamic or medial accumbens 
lesions reflects a release in an exaggerated form of the mouse 
killing that occurs in some rats spontaneously [2, 3, 8, 9]. 
This conclusion was based primarily on observations that the 
killing of lesioned animals occurred with a similar latency 
and was followed by a similar amount of eating in both 
lesioned and spontaneous killers. The tendency of the 
lesioned animals to repeatedly bite the dead prey and to more 
frequently kill rat pups were viewed as indications of the 
exaggerated character of the killing. The present findings 
have confirmed and substantially extended these previous 
observations. The present evidence indicates that the kill is 
systematic and organized to a comparable degree as in spon- 
taneous killers. 

The exaggerations of the killing tendency in the lesioned 
animals are particularly important as a point of departure for 
understanding the behavioral change induced by the lesion. 
In agreement with previous observations, we have observed 
that following the kill the lesioned animals repeatedly bite 
the prey [1, 14, 16, 18] and attack it if it is moved by the 
experimenter [8,19]. Further, following an initial mouse kill, 
lesioned animals attack a second mouse significantly more 
quickly than will spontaneous killers and will attack a variety 
of prey-like objects which spontaneous killers will not. 
These new observations are consistent with the argument 
that the lesioned animals manifest a normal but heightened 
level of attack behavior following the first mouse kill. An 
alternative interpretation of the differences between the 
lesioned and spontaneous killers is that the behavior of the 
lesioned animals is in some way abnormal. This possibility 
cannot be ruled out by the present results. However, more 
recent experiments have been attempting to distinguish be- 
tween these competing explanations by observing the behav- 
ior of spontaneous killers whose motivation to kill has been 
enhanced by food deprivation. The results indicate that some 
of the exaggerated killing behaviors seen in the lesioned 
animals can be seen in the food-deprived spontaneous killers 
(Albert, Walsh and White, in preparation). 

Heightened agonistic behavior occurs in humans [21], 
hamsters [16], cats [15], and monkeys [13] as well as in rats 
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FIG. 1. Stippled area indicate the region destroyed in most animals with lesions of the medial accum- 
bens (top) and lesions of the medial hypothalamus (bottom). Drawings are adapted from Pellegrino and 
Cushman [20]. 


following damage to the medial hypothalamus. In each of experiment that predation is specifically enhanced by medial 
these species the change in agonistic behavior is complex, hypothalamic damage in the rat gives added weight to the 
involving elements of attack, defense and, at least in the importance of examining this dimension of behavior follow- 
lower species, predation. The new evidence from the present ing medial hypothalamic damage in higher species. 
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REESE, B. E. Restricting eye movements in the anesthetized rat: A comparison of four techniques. PHYSIOL. BEHAV. 
29(6) 995-998, 1982.— Four techniques for the immobilization of rodent eyes were compared. Eye movements were plotted 
over a three hour period by reflecting a laser beam off a small mirror affixed to the cornea. Surgical techniques for 
producing local paralysis of the extra-ocular eye muscles were inconsistently successful. Physical stabilization techniques 
reliably reduced eye movements to an extent compatible with certain neurophysiological tests. None of the techniques was 
as efficacious as the use of neuromuscular blocking agents combined with physical restraint. 


Eye movements Oculomotor innervation 


THE visual system of the rodent has become a popular 
model amongst neurophysiologists for studying general 
principles of mammalian vision and of developmental plas- 
ticity within the mammalian central nervous system. As with 
primate and cat visual electrophysiology, there is the need 
for a procedure to prohibit eye movements which may 
otherwise confound quantitative single-cell receptive field 
characterizations and multi-cell mapping studies of the visual 
field upon central structures. The most common procedure 
used is the continuous infusion of neuromuscular blocking 
agents which requires mechanical respiration of the animal 
coupled with the regulation and monitoring of oxygen- 
carbon dioxide exchange. These added equipment needs, the 
attendant preparatory surgery required, and the legal re- 
strictions upon the use of general paralysis in some countries 
make this technique less economical and convenient for cer- 
tain laboratories. 

Two alternative approaches are often employed: paralysis 
of the eye muscles by the surgical interruption of their inner- 
vation, and direct physical restraint to prevent the eye from 
moving. The first alternative is the more appealing, as it 
should be possible to produce this local paralysis surgically 
without altering the sensory physiology under consideration. 
Electrolytic lesioning of the oculomotor innervation has 
been used in a study of optic nerve fibre responses in the 
ground squirrel [5] and the technique has been reported for 
use in the rat [8]. Techniques employing physical restraint 
may involve the pressure of a ring placed gently around the 
eye and anchored to the stereotaxic frame [6], the suturing of 
the conjunctiva to the stereotaxic frame [4], or the suturing 
of the conjunctiva to an anchored eye-ring [7]. Many of these 
stabilization techniques require the delicate manipulation of 
the eyeball during preparation which is potentially disruptive 
to normal retinal function, and all may produce abnormal 


Surgical paralysis 


Mechanical restraint 


pressure upon the eye and consequently alter its optical 
properties. 

In the course of recording single and multi-cellular re- 
sponses in the visual system of the rat, it was decided to 
formally compare these various alternative methods for 
producing eye immobilization. This report examines the effi- 
cacy and reproducibility of four different techniques: (a) 
electrolytic lesioning of the oculomotor innervation to the 
eye muscles, (b) surgical transection of the oculomotor in- 
nervation, (c) suturing of the conjunctiva to the stereotaxic 
frame, and (d) a variation of the eye-ring technique employ- 
ing minute application of cyanoacrylate adhesive. These eye 
immobilization techniques were assessed with a procedure 
similar to that used in previous studies [2,8] in order to allow 
a comparison between the previous and current results. 


METHOD 


Male hooded Lister rats (400-500 g) were anesthetized 
with Urethane (1.2 g/kg) intraperitoneally and mounted in a 
stereotaxic headholder. No supplementary doses were re- 
quired throughout the experiments, and the rats remained 
quiescent unless stimulated by ear or tail pinch. All rats 
demonstrated a corneal reflex to very light stimulation of the 
unprepared eye at the end of a session. Topical application of 
Hyoscine (0.25% w/v) was administered to the prepared eye 
in all conditions. 


Preparing the Eye 

Rats with no eye immobilization. Eye movements were 
assessed in anesthetized rats in which the eyelids were sim- 
ply cut back and held open with sutures. 

Rats with electrolytic destruction of the oculomotor in- 
nervation. The procedure used was similar to that reported 
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in the literature [8] and will be described only briefly here. 
The temporal canthus of one eye was cut back 3-4 mm and 
the eyelids were sutured open. The tissue just posterior to 
the fascia bulbi (Capsule of Tenon) was pierced with a closed 
pair of iridectomy scissors, which were then inserted 
through the orbital fat to the posterior orbit. Lesioning elec- 
trodes had been constructed out of 17 gauge stainless steel 
cannula. The tip was bent at an angle, crushed flat, and the 
edges rounded off. The electrode was insulated except for a 
2-3 mm region on the ventral face of the tip. The electrode 
was inserted into this opening in the orbital fat, and posi- 
tioned so that the tip rested within the anterior lacerated 
foramen (through which the oculomotor innervation passes 
into the orbit). The electrode was connected to the negative 
pole of a 12 V DC power supply, with the circuit completed 
via the stereotaxic frame. Current of 12 mA was passed for 5 
seconds in each of five to ten consecutive positions, with the 
electrode tip repositioned slightly each time. 

Rats with surgical transection of the oculomotor innerva- 
tion. A major difficulty with lesioning the oculomotor inner- 
vation is that the lesion is produced *‘blind’’—that is, there is 
no visible evidence that the lesion is complete or that other 
neighboring structures are not damaged. In the process of 
exploring the oculomotor innervation and its relationship to 
the orbit and the stapedial artery, an alternative surgical ap- 
proach was devised which permitted visual guidance in tran- 
secting this innervation. 

The brain tissue just anterior and adjacent to bregma 
(level skull) was aspirated away to form a small 2 mm? hole. 
At the base of the brain lie the optic nerves medially and the 
orbital wall laterally. Just lateral to the nerves along the floor 
is a tough tissue of striated appearance which covers a large 
fibre bundle (cranial nerves III, IV, V and VI) containing the 
oculomotor innervation. By using an aspirator tip with a 
sharp or serrated edge, this tissue was pierced and the fibre 
bundle transected mediolaterally. 

Rats with the conjunctiva sutured. The eyelids were cut 
back and sutured open. Four fine sutures were placed 
around the eye through the conjunctiva at the edge of the 
limbus and secured to the stereotaxic frame with tape. The 
sutures were moderately taut, but produced no noticeable 
change in shape of the pupil or eyeball. The conjunctiva was 
snipped where it was stretched across the lateral edges of the 
cornea between the sutures. 

Rats with the eye glued to a ring. The eyelids were cut 
back and glued to the surrounding skin with cyanoacrylate 
adhesive (Loctite Ltd., Ireland). The conjunctiva was 
marked at its most anterior point as a reference against rota- 
tion, before being trimmed around the remaining circumfer- 
ence of the eye. A ring, slightly larger than the diameter of 
the eye, was then placed around the eye and pushed gently 
back against the orbital tissue. With a fine insect pin, very 
small amounts of cyanoacrylate were placed in four to six 
locations of close contact between the sclera and ring. Addi- 
tional placements of cyanoacrylate between the ring and or- 
bital tissue then followed, producing, as a result, one solid 
face of tissue around and including the eye. Great care was 
taken to prevent the cyanoacrylate from running onto the 
cornea. (A similar technique was recently reported in use for 
the immobilization of primate eyes [1]). 


Recording Eye Movements 


After the eye preparation was completed, a small mirror 
(from a microscope slide coverslip coated with evaporated 
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aluminum) approximately 1.5 mm? in area and 1.5 mg in 
weight was attached to the cornea with cyanoacrylate, and a 
small spot of light from a neon-helium laser was reflected 
onto a tangent screen located 57 cm from the eye. Move- 
ments of the reflected spot were observed and noted, and its 
position was plotted every fifteen minutes during the follow- 
ing three hours. 

An assumption in this measurement procedure is that the 
movements of the reflected spot are an indication of the 
movements of the eye itself. The procedure is inaccurate as a 
description of the eye’s actual position in space, since it does 
not permit a distinction between rotational movements and 
movements of retraction or extension within the orbit. Addi- 
tionally, although rotational movements were observed to be 
the more significant contributor, the point of rotation is of 
course within the eye and not a point on the mirror’s surface. 
Consequently, rotational movements of the eye are not 
exactly one half the angle traversed by the spot. The data 
should be considered for relative purposes only, but are pre- 
sented in degrees of eye movement, rather than centimeters 
of spot displacement, in order to facilitate comparison with 
previous reports using the same procedure [2,8]. 


RESULTS 
Eye Movements in a Non-Immobilized Eye 


When no attempt was made to immobilize the eye, there 
were movements of the eye which spanned a region greater 
than 10 degrees over the three hour session. The movements 
were commonly slow drifts, sometimes of rates up to 30 
degrees per hour. Very infrequently, large rapid shifts oc- 
curred, often with the eye returning to its prior position, but 
sometimes adopting a new position many degrees away. In- 
tervening periods of relatively littke movement were common 
also (Fig. 1A, 1B). 


Eye Movements After an Oculomotor Lesion 


When effective, the oculomotor lesion technique reduced 
the total region of eye movements to less than one degree 
(Fig. 1C). Some rats produced very slow eye movements 
traversing slightly larger areas (Fig. 1D). These results are 
very similar to those previously reported ((8], their Fig. 2A 
and C); the authors suggest this latter pattern may be more 
common shortly after the surgery, and recommend produc- 
ing the lesion three days prior to an electrophysiology ses- 
sion (a condition not assessed here). 

This technique is not without its problems, the main diffi- 
culty being reproducibility. Only in three out of ten rats 
assessed were the eye movements restricted to a range of 
less than two degrees, the others covering areas up to 15 
degrees. Often the pattern of eye movements in these unsuc- 
cessful instances were disturbed: the spot was observed to 
shift in a jerky fashion randomly about the screen. Occa- 
sionally, rhythmic eye movements resulted from mandibular 
and facial movements, apparently the result of irritation or 
damage to the nearby trigeminal nerve, which also passes 
through the anterior lacerated foramen. 

The lesion frequently dilated the pupil and abolished the 
corneal reflex, suggesting that the electrode was in the 
neighborhood of the anterior lacerated foramen. However, 
these signs never regularly correlated with the extent of re- 
stricted eye movements. Sometimes the passage of current 
produced a sudden contortion of the direction of gaze, the 
eye slowly returning to a more typical position in the orbit 





RESTRICTING EYE MOVEMENTS IN RATS 


FIG. 1. Characteristic plots of eye movements in anesthetized rats 
over three hours after various eye immobilization techniques. Each 
dot indicates eye position at intervals of fifteen minutes. Adjacent 
dots indicate no change in position. A and B: rats with no eye im- 
mobilization. C and D: rats with electrolytic destruction of the 
oculomotor innervation. E and F: rats with surgical transection of 
the oculomotor innervation. G and H: rats with the conjunctiva 
sutured to the stereotaxic frame. I and J: rats with the eye glued to a 
ring. 
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after current offset. This too did not reliably predict effec- 
tiveness of the lesion. 

A frequent by-product of this technique was ischaemia 
of the retina, sometimes transient, but sometimes perma- 
nent. Initially it was suspected that the electrode tip may 
have been mistakenly positioned in the optic foramen; dis- 
section after many preparations verified placement in the 
anterior lacerated foramen. Tootell (personal communica- 
tion) has suggested that the originally cited current of 30 mA 
may be too large and may produce an effect upon the central 
retinal artery and optic nerve itself. However, the stapedial 
artery, from which branches the arterial supply to the retina, 
runs medial to the fibre bundle passing through the anterior 
lacerated foramen [3]. It may be that the tip of the electrode 
occasionally comes to rest in close proximity to the stapedial 
artery or this branch. 

The oculomotor lesion technique was informally tested on 
an additional fifteen hooded and albino rats, with various 
current strengths, durations, and electrode sizes. Very few 
of the preparations did not suffer from ischaemia, induced 
facial or mandibular movements, or insufficient paralysis. In 
the ground squirrel, the procedure may produce a more reli- 
able paralysis with fewer adverse side-effects. But even in 
this species the efficacy of the technique is not consistent: it 
may be necessary to repeat the lesion in the course of an 
electrophysiological preparation if eye movements unexpec- 
tedly appear (B. Blakeslee and M. McCourt, personal com- 
munication). 


Eye Movements After Transection 
of the Oculomotor Innervation 


All but the most medial fibres in this bundle can be se- 
vered under visual control. The more medial extent is 
obscured by the pedestal supporting the overlying optic 
nerves, and it is here that the stapedial artery runs. Transec- 
tions purposely avoiding this medial region of the bundle 
produced comparably good paralysis: eye movements con- 
sisted of extremely slow drifts along a continuous path (Fig. 
1E). The extent of fibres left unsevered was unclear with this 
procedure, and patterns of movement consisting of large 
rapid shifts biased in one dimension sometimes occurred 
(Fig. 1F). Compared with the lesion technique, this transec- 
tion procedure reliably abolished the corneal reflex, 
produced dilation of the pupil, and resulted in no unusual 
mandibular or facial movements. 


Eye Movements After Suturing the Conjunctiva 


Suturing the conjunctiva to the stereotaxic frame 
produced a consistent pattern of results in four rats assessed. 
Eye movements consisted of slow drifts as in the non- 
immobilized eye, but their range was restricted to an area 
of roughly two degrees (Fig. 1G, H). Rapid shifts in position 
occurred with slightly greater frequency than in the non- 
immobilized eye, but they were never greater than two de- 
grees and the eye always returned immediately to its prior 
position. This technique appears to restrict the range and 
magnitude of eye movements normally produced without 
causing any other qualitative differences. 


Eye Movements After Gluing the Eye to a Ring 


The presence of a ring attached to the eye eliminated all 
rapid shifts of the reflected spot. Movements which did 
occur were very gradual (less than two degrees per hour), 
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and were consistently confined to a region of less than two 
degrees in four rats assessed (Fig. 11, J). The application of 
cyanoacrylate to the edge of the eyeball caused no observa- 
ble deleterious effects as judged by the ability to record from 
far peripheral retina in the dorsal lateral geniculate nucleus, 
when compared with the aforementioned suturing technique. 
The main concern with this technique is to prevent the 
cyanoacrylate from running onto the cornea and impairing 
resolution. 


DISCUSSION 


Surgical paralysis of the eye by electrolytically lesioning 
the oculomotor innervation is, as a technique, the least re- 
producible of those considered and may cause additional 
detrimental effects. When effective, it may be the most 
favourable of the above techniques, but its precarious nature 
limits its usefulness. The technique may be more reliable in 
larger rodents. Surgical transection of this innervation 
likewise produces unreliable paralysis, as a consequence of 
sparing the medial fibres in close proximity to the stapedial 
artery. 

Mechanical stabilization techniques produce consistent 
results in reducing eye movements and suffer none of the 
drawbacks consequent to surgical intervention. The eye- 
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suturing method reduces the region of movements without 
greatly decreasing their rate. Consequently, this technique 
may be inadequate for single-unit characterization studies, 
but useful for the determination of retinotopicity in central 
visual structures. Its main drawback is the potential distor- 
tion of the eye produced with overly taut sutures. 

The eye-ring technique abolishes all large rapid eye 
movements and reduces the rate and region of slow eye drifts 
to an extent compatible with retinal mapping studies and 
certain single cell analyses. None of the techniques assessed 
produce a reduction in eye movements comparable with that 
reported after infusion of neuromuscular blocking agents 
combined with physical restraint [2], and all may be unsatis- 
factory for prolonged and detailed receptive field studies 
(e.g., sensitivity profiles, effects of local adaptation, etc.). 
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BERTINO, M. Effects of high fat, protein supplemented diets on maternal behavior in rats. PHYSIOL. BEHAV. 29%6) 
999-1005, 1982.—Female albino rats were maintained on either chow, a 25% fat, protein supplemented diet or a 45% fat, 
protein supplemented diet during breeding, gestation and lactation. Maternal behavior was assessed using observational 
techniques. Maternal bodyweight of the females on the high fat diets was not different from females on chow. Reproductive 
success, as indicated by pregnancy and pup survival, was reduced in the females on the 45% fat diet. However, unlike 
offspring of obese dams, pup growth was enhanced in most of the offspring of the dams on the high fat, protein supple- 
mented diets. The dams on these diets showed more postural nursing, less non-postural nursing, more pup grooming and 
were observed more frequently with a majority of their pups. These dietary differences in maternal behavior did not appear 
to be necessarily due to differences in the body weight of the pups. 


High fat, protein supplemented diets 
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Rat 





MANIPULATION of dietary components can alter maternal 
behavior in the rat. Previous research has shown that dietary 
protein restriction affects the type of care an infant rodent 
receives from its mother. Rat dams placed on low protein 
diets as late as the beginning of lactation are slow to retrieve 
pups [3, 6, 7, 26], spend more time in self grooming, more 
time in the nest [14,26], more time in the active nursing 
posture [10,12] and show a slower decline in maternal behav- 
ior [14]. Both the increased time spent in the nest and the 
active nursing posture are thought to result from low protein 
pups presenting the stimulus configuration of younger off- 
spring. Retrieval deficits and increased rearing have also 
been found in dams that are food restricted beginning as late 
as the 20th day of gestation [4, 22, 23]. Dams undernourished 
during gestation and lactation also show less pup licking. 
This last effect can probably be attributed to the nutritional 
state of the pups since well-fed pups elicit more licking than 
underfed pups, both from well-fed and underfed mothers 
[22]. 

In contrast, the effect of dietary fat manipulation on rat 
maternal behavior has not been well documented. It appears 
that the type of dietary fat can alter maternal behavior. 
Primiparous females fed rations containing 20% safflower oil 
during gestation and lactation have poor maternal behavior 
as assessed by nest quality, pup scatter and time spent with 
the young [2]. Diets with 20% butter fat, 20% butter fat plus 
lard, 20% cocoa butter or a fat free ration (all with 20% 
casein) do not interfere with maternal behavior [2,13]. Pup 
growth rates are unaffected by these manipulations in fat 
content. 

The quantity of dietary fat can also influence maternal 
behavior. Ad lib intake of low protein diets with varying fat 
and carbohydrate compoisition modifies maternal behavior. 


Less disruption of retrieval and pup growth are seen when 
fat makes up the greater non-protein portion of the diet [6]. 
However, it appears that maternal high fat diets can interfere 
with pup growth and survival when females are on the diets 
for a relatively long period of time. Females made obese by 
long term maintenance on high fat diets [16] even containing 
adequate protein [25], have pups with low body weight and a 
reduced change of survival [15, 16, 25]. Maternal pup groom- 
ing is high on the first postpartum day [25]. 

From the above, it is clear that both dietary protein and 
fat influence maternal behavior. In most studies, decreases 
in dietary protein and increases in dietary fat prove detri- 
mental to maternal behavior. The effect of high fat diets on 
pup growth, pup survival and maternal behavior appears to 
be modulated by factors such as fat type and amount, the 
presence of obesity (or length of diet term) and dietary 
protein. However, since the methods used in assessing mat- 
ernal behavior have been retrieval tests, pup scatter and lim- 
ited observations, the morphology and extent of the effects 
are unclear. The popular retrieval tests involve physical dis- 
ruption of the mother-litter unit, placing a stress additional to 
that of diet on the relationship. Moreover, retrieval perform- 
ance and nesting behavior have low correlations with other 
measures of maternal behavior [19]. 

The following is a more extensive investigation into the 
effects of high fat, protein supplemented diets on maternal 
behavior. In it, the course of maternal behavior is tracked 
from birth to weaning using observational techniques. 


METHOD 


Forty adult female Sprague-Dawley rats, approximately 
14 weeks old, served as subjects. Fourteen were placed on 
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TABLE | 
EXPERIMENTAL DIETS 





Composition (by weight) Ingredients 





25% Fat, Protein Supplemented Diet 
23% protein 1220 g Purina laboratory chow 
46% carbohydrate 182 g vitamin free casein 
25% fat 468 g vegetable shortening 
2% vitamin additive 40 g vitamin mixture* 
4% mineral additive 80 g salt mixture U.S.P. XIV* 
45% Fat, Protein Supplemented Diet 
23% protein 700 g Purina laboratory chow 
26% carbohydrate 304 g vitamin free casein 
45% fat 868 g vegetable shortening 
2% vitamin additive 40 g vitamin mixture* 
4% mineral additive 80 g salt mixture U.S.P. XIV* 





*ICN Pharmaceuticals, Inc. 


Purina Laboratory Chow 5001 (5% fat by weight) and main- 
tained on it for the entire experiment. Eighteen rats were 
placed on a 45% (by weight) fat, protein supplemented diet 
(referred to as the 45% diet hereafter) and 8 subjects were 
placed on a 25% (by weight) fat, protein supplemented diet 
(referred to as the 25% diet hereafter). Dietary constituents 
and final compositions are shown in Table 1. All diets con- 
tained 23% protein by weight. Assuming that the chow con- 
tained 15% metabolizable protein and that the casein contained 
89% metabolizable protein, calculated metabolizable protein 
was 17% in the 25% diet, 19% in the 45% diet and 15% in the 
chow. A week after placement on the diets, each female was 
housed with a male until a copulatory plug or a sperm posi- 
tive vaginal lavage was noted. The females were then trans- 
ferred to plastic maternity cages 45.725.4x19.1 cm with 
wood chips as bedding. No additional nesting material was 
available. The females were moved to an observation room 
in which the light/dark cycle was advanced 5 hours so that 
the white lights turned off at 12:30. At this time, red lights 
turned on to enable observation during the dark phase of the 
activity cycle. 

On the day of birth, mothers and their litters were 
weighed. Litter size was culled to 8 pups. Mothers and litters 
were also weighed on days 14 and 21 postpartum. Observa- 
tions of the mothers began on the day after birth (day | 
postpartum) and continued through the 21st postpartum day. 

Maternal behavior was observed twice daily, once under 
white light illumination, between 8:30 and 10:00 each morn- 
ing, and once under red light illumination, between 14:00 and 
15:30 each afternoon. It seemed desirable to sample behavior 
under both conditions of illumination and not immediately 
after the illumination conditions had changed. All mothers 
were observed for one hour with an observational scan made 
once every five minutes. This procedure yielded 12 observa- 
tions per hourly session or 24 observations per day for each 
mother. 

Maternal behavior was scored using a checklist devel- 
oped during other studies in our laboratory. Behaviors 
selected were ones which had previously yielded high inter- 
rater reliability. These behaviors were: 

(1) Postural nursing. The female is nursing with her body 
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arched over the pups. Her ventrum rather than back is 
closest to the substrate. 

(2) Non-postural nursing. The female is nursing in any 
posture except that of postural nursing. She could be on her 
back or side. 

(3) Resting with the pups. Mother and pups are sleeping 
or reclining in physical contact of each other with no pup 
engaged in nursing. 

(4) Resting without the pups. The female is in a reclining 
posture with head down or with body proped up against the 
side of the cage without physical contact with any pup. 

(5) Self grooming. The female is licking, chewing or nibbl- 
ing fur on her body. 

(6) Pup grooming. The female is licking a pup on any part 
of its body. 

(7) Object manipulation. The female is pushing, pulling, 
digging or carrying material with her nose, paws or mouth. 
Nest building and pup retrieval were scored as object ma- 
nipulation. 

(8) Locomotion. The females moves four paws in a 
straight line direction, turns or rears. 

(9) Away from the litter. This behavior was scored when 
the female was with 3 or less pups and was recorded through 
the 13th postpartum day. 

(10) Total nursing. The sum of postural and non-postural 
nursing. 

An analysis of variance was computed on each dependent 
variable of the observational and weight data. The average 
weekly occurrence of each behavior was the unit of analysis. 
Behavioral data were analyzed only for litters which had at 
least 4 pups surviving at weaning (21 postpartum days). The 
litter was the unit of analysis for the pup weight data. 


RESULTS 


Twelve of the 14 sperm positive dams (86%) on the chow 
gave birth. All females on the 25% fat, protein supplemented 
diet gave birth whereas only 12 of the 18 sperm positive dams 
(67%) on the 45% fat, protein supplemented diet gave birth. 
A chi square analysis showed that the difference between the 
45% diet group and the other two groups combined ap- 
proached significance, x?(1)=3.64, p<0.06. There was no 
group difference in the number of pups born. Behavioral data 
were used from all eight females in the 25% group. One of the 
dams on the chow gave birth to only 2 pups leaving 11 litters 
for observation in this group. The day of conception was 
missed in 2 dams on the 45% diet. In two additional litters of 
the 45% group, four pups did not survive to weaning, leaving 
7 litters for data analysis in this group. This produced a sig- 
nificant effect of diet on pup survival, F(2,25)=4.70, p<0.05, 
with survival being significantly less in the 45% group when 
compared with the females on chow (p<0.05). The body 
weights of these two dams in the 45% group were well within 
the range of their dietary group. The average number of pups 
per litter used in behavioral analysis was 6.7 (+0.72 S.E.M.) 
in the 45% diet group, 8 (+0) in the 25% diet group and 7.5 
(+0.28) in the chow group. 


Maternal and Pup Body Weight 


There were no signficant diet group differences in mater- 
nal body weights on the first or 21st day of gestation. All 
females gained approximately equal amounts of weight. 
There were also no significant group differences in the mat- 
ernal weights at birth or weaning (Table 2). There were no 
significant group differences in the average litter weights be- 
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TABLE 2 
MEAN MATERNAL BODY WEIGHT (g) 





n Day | Day 21 





Gestation 


Control 
25% Fat 
45% Fat 
Lactation 
Control 
25% Fat 


288.5 (6.32)* 
279.8 (6.42) 
279.2 (4.84) 


332.6 (4.76) 
338.0 (9.83) 


415.3 (8.38) 
426.2 (6.94) 
412.2 (10.00) 


314.7 (15.90) 
315.6 (5.56) 


45% Fat 327.3 (8.28) 298.5 (8.02) 


MEAN PUP BODY WEIGHT (g) 





Birth Day 14 Day 21 





45.1 (1.58) 
63.1 (1.10) 
56.9 (2.79) 


6.5 (0.23)* 
6.6 (0.16) 
6.3 (0.29) 


28.5 (1.04) 
40.4 (0.46) 
32.4 (2.52) 


Control 11 
25% Fat 8 
45% Fat 





*Standard error of the mean. 
n=litters. 


fore or after litter size adjustment, or in the average number 
of pups born. 

The average pup weights in the lactation litters of the 
three dietary groups were approximately equal at birth. On 
day 14 postpartum however, the average pup weights were 
significantly different, F(2,25)=19.60, p<0.01, with pups 
from the 25% group significantly heavier than the pups of the 
other two groups (p<0.01). By weaning, average pup weight 
was still different, F(2,23)=25.07, p<0.01, but the effect was 
now due to the large weaning difference between the control 
pups and the other two groups. The difference in average 
pup weight at weaning between the 25% and 45% group was 
not significant. 


Maternal Behavior 


A three-way analysis of variance was computed on the 
maternal behaviors with diet as a between subjects factor. 
Time of day and weeks postpartum were the repeated meas- 
ures factors. Significant interactions of diet and the other 
two factors are shown.in Fig. 1-3. Average weekly occur- 
rences of the behaviors for light (morning) and dark (after- 
noon) observation periods are shown in Table 3. 


Non-Postural Nursing 


Diet influenced non-postural nursing, F(2,23)=5.61, 
p<0.01, with the control dams showing more non-postural 
nursing (p<0.01). There was also a significant diet x weeks 
postpartum interaction on  non-postural nursing, 
F(4,46)=8.28, p<0.001. The controls showed a high occur- 
rence of non-postural nursing during the second postpartum 
week whereas the dams on the 25% and 45% diets did not 
approach this rate until the 3rd week (Fig. 1). Non-postural 
nursing, F(1,23)=26.40, p<0.001, was observed more fre- 
quently during the dark phase and it increased across the 
postpartum period, F(2,46)=92.18, p<0.001. There was a 














25% Fat ---- 


Frequency 
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FIG. 1. Upper panel: Average weekly occurrence of non-postural 
nursing in the three dietary conditions. Points in all panels were 
obtained by summing the weekly occurrence of the behavior in both 
light and dark observation periods. Each point is the average of the 
light and dark periods. Bars represent standard errors of the mean. 
Middle panel: Average weekly occurrence of postural nursing in the 
three dietary conditions. Lower panel: Average weekly occurrence 
of total nursing in the three dietary condtions. 


significant weeks postpartum xX time of day interaction on 
non-postural nursing with it increasing more in the dark 
phase of the second and third postpartum weeks, 
F(2,46)=7.60, p<0.001. 


Postural Nursing 


Diet influenced postural nursing, F(2,23)=6.31, p<0.01, 
with the control dams showing the least postural nursing 











T 


3 
Weeks postpartum 


FIG. 2. Average weekly occurrence of pup grooming. Frequency is 
along the vertical axis. Points were computed as described in Fig. 1. 
Bars represent standard errors of the mean. Each point is the aver- 
age of the light and dark periods. 


(p<0.01). Diet interacted significantly with time of day, 
F(2,23)=4.61, p<0.05, with the control dams engaging in less 
postural nursing during the dark phase. Postural nursing was 
observed more frequently during light phase observation, 
F(1,23)=44.76, p<0.001, and it decreased across weeks, 
F(2,46)=83.58, p<0.001. There was a significant weeks 
postpartum xX time of day interaction on postural nursing. 
Postural nursing decreased in the light phase with the ad- 
vance of the postpartum period, F(2,46)=83.53, p<0.001. 


Total Nursing 


There was no main effect of diet on total nursing. There 
was a significant diet <x weeks postpartum interaction, 
F(4,46)=6.98, p<0.001, with the control dams showing a 
high level of total nursing during the last two postpartum 
weeks. Total nursing in the 25% and 45% dams decreased 
during the second postpartum week (Fig. 1). Total nursing 
was observed most frequently during the light phase of the 
activity cycle, F(1,23)=67.33, p<0.001. There was a signifi- 
cant weeks postpartum x time of day interaction, 
F(2,46)=43.50, p<0.001, where total nursing lost its circa- 
dian pattern. 


Resting with the Pups 


Observation of this category increased across weeks 
postpartum, F(2,46)=105.63, p<0.001. There was a weeks 
postpartum x time of day interaction with an increase in the 
light phase of the third postpartum week, F(2,46)=17.77, 
p<0.001. 


Resting Without the Pups 


Weeks postpartum had a significant effect on resting 
without the pups, F(2,46)= 12.70, p<0.001, with peak occur- 
rence in the second postpartum week. There was also a sig- 
nificant weeks postpartum X time of day interaction with the 
greatest frequency during the light phase of the second week, 
F(2,46)= 11.76, p<0.001. 


Pup Grooming 


Diet influenced pup grooming, F(2,23)=5.65, p<0.05, 
with observation of it occurring more frequently in the dams 
on the 25% and 45% diets (p<0.01). Pup grooming decreased 
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FIG. 3. Upper panel: Average occurrence of eating. Points were 
obtained by taking the average occurrence in an observation session 
across 3 weeks. Open columns depict the light period and stippled 
columns depict the dark period. Bars represent standard errors of 
the mean. Middle panel: Average occurrence of locomotion. Open 
columns depict the light period and stippled columns depict the dark 
period. Bars represent standard errors of the mean. Lower panel: 
Average occurrence of self-grooming. Open columns depict the light 
period and the stippled columns depict the dark period. Bars repre- 
sent standard errors of the mean. 


in the third postpartum week, F(2,46)=11.49, p<0.001. 
There was a significant diet x weeks postpartum interaction, 
F(4,46)=2.64, p<0.05. Pup grooming decreased in the dams 
on the 25% and 45% diets in the third week postpartum (Fig. 
2). 


Eating 
There was a significant diet x time of day interaction, 
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TABLE 3 
MEAN OCCURRENCE OF MATERNAL BEHAVIORS OF ALL DIET GROUPS COMBINED 





Behavior Rig D 


Weeks postpartum 


+ 


D , D 





7.8 (1.69)* 
58.5 (2.71) 
66.0 (2.29) 

0.3 (0.14) 

8.1 (1.46) 

7.3 (0.73) 

2.7 (0.56) 

0.8 (0.18) 

4.2 (0.58) 

1.0 (0.34) 

1.9 (0.61) 


8.7 (1.66) 
12.8 (1.11) 
23.3 (2.70) 
2.1 (0.63) 
15.3 (1.71) 
6.8 (0.80) 
9.8 (1.02) 
5.3 (0.67) 
16.2 (1.33) 
4.0 (0.69) 
9.4 (0.81) 


Non-postural nursing 
Postural nursing 
Total nursing 

Resting with the pups 
Resting without the pups 
Pup grooming 

Eating 

Drinking 
Self-grooming 

Object manipulation 
Locomotion 


31.5 (2.25) 
9.4 (1.13) 
40.8 (2.02) 
7.5 (0.83) 
8.7 (0.86) 
4.1 (0.56) 
7.0 (0.75) 
6.6 (0.55) 
10.0 (0.84) 
1.8 (0.40) 
6.8 (0.81) 


22.4 (1.78) 
24.0 (1.50) 
46.4 (2.10) 
11.2 (0.96) 
13.0 (1.24) 
4.9 (0.64) 
7.2 (1.21) 
3.1 (0.49) 
4.3 (0.54) 
0.7 (0.16) 
3.1 (0.33) 


10.6 (1.75) 
36.9 (2.30) 
47.2 (2.31) 
1.7 (0.47) 
18.7 (1.90) 
7.1 (1.03) 
5.7 (0.89) 
2.1 (0.37) 
5.2 (0.66) 
0.9 (0.26) 
2.4 (0.36) 


22.5 (3.26) 
13.6 (1.06) 
36.2 (3.32) 
1.2 (0.32) 
15.5 (1.56) 
6.8 (0.69) 
8.5 (0.90) 
6.0 (0.78) 
12.7 (1.02) 
3.4 (0.68) 
7.1 (0.79) 





*L=light phase; D=dark phase. 
*Standard error of the mean. 


F(2,23)=4.12, p<0.05, with the dams on the 25% and 45% 
diets being observed eating three times more frequently dur- 
ing the dark phase. Controls displayed approximately the 
same amount of eating in light and dark phases (Fig. 3). 
Eating occurred more frequently during the dark phase, 
F(1,23)=14.64, p<0.001. That eating lost its circadian char- 
acter as lactation progressed is shown by a significant weeks 
postpartum x time of day interaction, F(2,46)=13.79, 
p<0.001. 


Drinking 


Drinking occurred more frequently during the dark phase, 
F(1,23)=53.93, p<0.001, and increased across weeks, 
F(2,46)= 12.08, p<0.001. 


Self-Grooming 


Diet influenced self grooming, F(2,23)=4.53, p<0.05, 
with its occurrence being greater in dams both on the 25% 
and 45% diets (p<0.05; Fig. 3). Self-grooming was observed 
more frequently in the dark phase, F(1,23)=147.99, p<0.001. 
There was a significant diet x time of day interaction, 
F(2,23)= 10.82, p<0.001, with control dams grooming less 
during the dark phase. Self-grooming decreased across 
weeks, F(2,46)=13.83, p<0.001. There was a significant 
weeks postpartum xX time of day interaction with self- 
grooming decreasing in the dark phase as the postpartum 
period progressed, F(2,36)=8.20, p<0.001. 


Object Manipulation 


Object manipulation occurred more frequently in the dark 
phase, F(1,23)=28.01, »<0.001, and decreased with advance 
of the postpartum period, F(2,46)=5.10, p><0.01. There was 
a significant interaction of weeks postpartum x time of day 
with object manipulation decreasing in the dark phase across 
weeks, F(2,46)=3.98, p<0.05. 


Locomotion 


Locomotion was observed more frequently in the dark 
phase, F(1,23)=74.48, p<0.001. Diet interacted significantly 
with time of day, the control dams engaging in less locomo- 
tion during the dark phase, F(2,23)=3.90, p<0.05 (Fig. 3). 
There was a significant weeks postpartum x time of day 
interaction with locomotion decreasing in the dark phase 
across weeks, F(2,46)=7.22, p<0.01. 


Away from the Litter 

A two-way analysis of variance was computed with diet 
and time of day as factors. Dams were observed away from 
the litter more frequently during the dark phase, 
F(1,23)=305.21, p<0.001. There was a significant diet effect, 
F(2,23)=4.21, p<0.05, with average occurrences 92.2 
(+18.49 s.d.) in the controls, 73.4 (+10.47 s.d.) in the 25% 
group and 71.9 (+20.15 s.d.) in the 45% group. 

DISCUSSION 

The females on the 45% fat, protein supplemented diet 
(45% diet) showed a tendency toward impaired reproduction, 
giving birth to fewer litters than the females of the 25% fat, 
protein supplemented or chow diets. This ‘result supports 
previous research where long-term maintenance on high fat 
diets that induce obesity result in impaired estrous cycling 
and fewer births [8,25]. However, unlike previous research, 
the reduced fecundity here was a small effect. It was found in 
animals who were not obese and on the 45% diet approx- 
imately 31 days before parturition, a relatively short period 
of time. This may indicate that the effects of the 45% fat diet 
were only beginning. More severe effects would probably 
have been observed if the rats were either obese or on the 
diet a longer period of time. The 45% diet of this experiment 
represented an extreme dietary condition, affecting repro- 
duction earlier than those of lower (25%) fat content. 

Long-term, high fat diets result in obesity [11] and have 
been found to be detrimental to pup growth and survival [8, 
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15, 16, 25]. Milder effects are seen in non-obese females on 
high energy, low protein diets during lactation [16]. Poor pup 
survival is likely due to depressed mammary gland 
lipogenesis in females made obese with high fat diets and in 
females consuming high energy, low protein diets [15]. In the 
present study, the rats were on high fat, casein supplemented 
diets for a relatively short period of time and did not develop 
obesity. Since in most litters good pup survival was ob- 
served, mammary lipogenesis was probably not adversely 
affected in those litters. However, the fact that pup survival 
was poor in some litters of the 45% diet of this study may 
again indicate that the detrimental effects of this diet were 
just beginning to be felt. Others have found that maintaining 
females on 50% fat, protein supplemented diets during preg- 
nancy does not result in obesity or decreased mammary 
lipogenesis [5]. Thus high fat content, diet duration, protein 
content and obesity all appear to be factors important to 
subsequent pup growth and survival. This study also points 
out the importance of individual differences in response to 
high fat diets. 

The enhanced pup growth in the litters of the females on 
the 25% and surviving litters of the 45% diet remains to be 
explained. The increased growth could have been due either 
to a greater quantity or different quality of available milk. 
Both the 25% and 45% diets had added casein which may 
have yielded slightly higher amounts of available protein al- 
lowing for greater milk production. Calculated metabolizable 
protein was 17% in the 25% diet, 19% in the 45% diet and 15% 
in the chow. However, when these values were multiplied by 
total food intake of the dams for the first 14 postpartum days 
(unpublished data) significantly less protein was ingested in 
the dams of the 45% diet, event though their pups were the 
same size as those of the dams on the chow. It seems more 
likely that the added casein complemented protein already 
present in the chow, improving the quality available to the 
mother and increasing the quantity of milk available to the 
pups. For example additon of methionine to a diet with 20% 
casein increases growth in young rats (Kratz, personal com- 
munication). Milk quality may have also been affected by the 
increased dietary fat content. Others have found females on 
50% fat diets to produce milk with higher fat content [5]. This 
same diet has also been shown to support greater litter 
weight gains between days 16-32 postpartum. Most of the 
weight gain is due to fat deposition. 

Both pup-directed and nonsocial maternal behaviors were 
influenced by the dietary manipulation. The females on the 
25% and 45% diets showed less non-postural nursing, more 
postural nursing, more pup grooming and were observed 
away from the litter less frequently. These behavioral differ- 
ences may have been in response to stimulus properties from 
the pups. For example, well-fed pups elicit more licking than 
do underfed pups, both from well-fed and underfed mothers 
[22]. However, it also has been shown that rat mothers fed a 
high fat diet who give birth to pups of low weight, show more 
pup grooming on the first postpartum day [25]. In the present 
study, dams on the 25% and 45% diets also showed more pup 
grooming even though their pups were of the same size as the 
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controls. Therefore, the increased grooming was probably 
due to a dietary influence other than pup weight. Other mat- 
ernal differences seen in this study, away from the litter less, 
decreased non-postural nursing and increased postural nurs- 
ing by the dams of the 25% and 45% diet are similar to those 
seen in dams with pups of low body weight ([10, 12, 14, 26] 
and Bertino, unpublished manuscript). Since the pups of the 
dams on the 25% and 45% diets were as least as large as the 
controls, the dietary effects on maternal behavior here do 
not appear to be due to differences in pup size. 

Nonsocial behaviors were affected. Dams on the 25% and 
45% diets were more frequently observed eating, self- 
grooming and locomotion, primarily during the dark phase. 
This increased self-grooming and locomotion could have re- 
sulted from increased dark phase eating; the rats walking to 
the food tray before eating and self-grooming after. Dietary 
fat could have altered the cyclicity of eating since fat loads 
inhibit subsequent feeding less than equicaloric loads of 
protein or carbohydrate [9]. 

The absence of a circadian eating pattern in controls was 
probably due to the behavior sampling schedule. During the 
first two weeks of lactation, peak food intake occurs soon 
after the lights are extinguished [24]. Observations in the 
present study may have been during the ascending and de- 
scending part of the daily food intake curve. 

One mechanism that could influence maternal behavior, 
variation in pup nutrition, has already been mentioned. An- 
other hypothesized source that could also affect reproduc- 
tive capacity is altered hormone titers. The major constituent 
of hydrogenated vegetable oil is soybean oil, which has 
gonadotropic activity [1]. Diets high in hydrogenated vege- 
table oil have been shown to increase serum prolactin in mice 
[18]. Reproductive hormones and prolactin have been shown 
to be important in maternal behavior and lactation [21]. 

The effect of protein deprivation on pup growth and mat- 
ernal behavior in rats has been well studied. The effects of 
diets high in fat and protein content have not been nearly as 
thoroughly investigated. Although dietary fat can reduce re- 
productive success and pup survival, it can also be associ- 
ated with increased maternal care and improved pup growth 
when of relatively short duration and paired with normal 
maternal body weight. When paired with long-term mainte- 
nance resulting in obesity, high fat diets are associated with 
reduced lactational performance and pup weight [15,25]. 
Taken together these studies point to the need for research 
separating long-term diet effects and the effects of obesity. 
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REYMANN, K. G., H. RUTHRICH, L. LINDENAU, T. OTT AND H. MATTHIES. Monosynaptic activation of the 
hippocampus as a conditioned stimulus: Behavioral effects. PHYSIOL. BEHAV. 29(6) 1007-1012, 1982.—The aim of the 
present study with rats was to show that electrical stimulation of a monosynaptic pathway, whose high plastic potency is 
well-known, can serve as a conditioned stimulus (CS) in a learning paradigm. Using chronic rats, stimulation of the 
perforant pathway, which activates the entorhinal cortex input to the dentate gyrus of the hippocampus, was used as the CS 
in a footshock motivated two-way avoidance task (shuttle box). Among the different stimulation parameters tested, only 
trains of at least 15 Hz were shown to be effective as a CS, whereas the application of single impulses with a frequency of 
1,7 Hz did not result in the establishment of conditioned behavior. Using the 15 Hz-paradigm, in *‘good learners,’’ the 
development of reliable conditioned responses started at the end of the first training session (40 trials) and become fairly 
stable during a further training session, given on the following day. The application of stimulation trains with 100 Hz as a CS 
led to the development of a high rate of conditioned responses, however, there was also a high level of intertrial reactions. 
Considering the critical importance of the frequency parameters of the perforant pathway stimulation for the development 
of conditioned behavior the possible involvement of hippocampal long-term potentiation in behavioral plasticity is dis- 
cussed. Additionally, it is concluded that this new learning paradigm offers the advantage of concurrent analysis of plastic 
processes both at the behavioral level and at the level of the synaptic population. 

Avoidance learning 


Conditioned electrical brain stimulation Entorhinal cortex Hippocampus 


Synaptic plasticity Long-term potentiation 





indirect indications [4, 10, 20, 23-24] there is no definite 
proof that posttetanic or long-term potentiation as a form of 
synaptic plasticity has anything to do with the storage of behav- 
iorally relevant information. There are relevant differences 
between the two phenomena [12]. In establishing a con- 
ditioned response (CR) the conditional stimulus (CS) re- 
mains wholly ineffective unless a subsequent unconditional 
stimulus occurs (the ‘‘temporal paradox’’ of CRs), whereas 


THE common denominator in most of the accepted theories 
related to learning and memory is the storage of information 
through changes in the interneuronal connectivity within a 
neuronal network [15, 19, 29, 44]. Although the mechanisms 
of synaptic plasticity are not as yet fully understood, a key 
function is assigned to synapses and their plastic potency. 
Because of both the well-known role of the hippocampus in 
learning mechanisms and methodical reasons the investiga- 


tion of synaptic plasticity in vertebrate CNS has been fo- 
cused mainly on monosynaptic connectivities of the hip- 
pocampal formation. It has been shown in freely-moving or 
anesthetized animals as well as in in vitro hippocampal 
slices, that a short-term electrical tetanization with a fre- 
quency of >10 Hz leads to an increase in monosynaptic 
evoked potential, which was found to persist for hours or 
even up to weeks [1, 3-7, 11, 14, 20, 22-25, 30, 32] and which 
was called long-term potentiation. 

In addition, the phenomenon of long-term potentiation 
has developed as a method for the investigation of elemen- 
tary mechanisms in the memory formation. Apart from some 
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potentiation is the consequence of tetanization of an already 
previously effective input [12]. For hippocampal neurons the 
occurrence of cell discharges to the prior ineffective CS dur- 
ing the establishment of a CR has been demonstrated [43]. 
The question that remains is whether the frequently postu- 
lated training induced changes in synaptic plasticity can be 
revealed by means ofa field potential analysis. In the present 
work the stimulation of a powerful excitatory pathway [27], 
with a remarkable plastic potency, has been used as a con- 
ditioned signal in a behavioral learning procedure [34]. 
More specifically, the aim of the present study was to 
determine whether rats can acquire an active avoidance task 


Copyright © 1982 Pergamon Press—0031-9384/82/121007-06$03.00/0 























FIG. 1. Scheme of the experimental arrangements. (A). Stimulation 
and recording: Stimulation of the perforant pathway as the con- 
ditioned stimulus (CS). The resulting evoked potential is recorded 
from the dentate area (molecular layer). (B). Typical evoked poten- 
tial with ‘‘EPSP’’-component and population spike, respectively. SF 
denotes the slope function of the EPSP-wave, whereas P denotes the 
amplitude of the population spike. (C). Shuttle-box arrangement. 
i—commutator, 2—cable with stimulation and recording leads, 
3—hurdle, 4—~grid for the application of the unconditioned stimulus 
(UCS). 


(two-way shuttle-box) if the stimulation of the perforant 
pathway (pp) is used as a conditioned signal. This work was 
designed as a first step in the development of a model which 
allows the concurrent investigation of synaptic and behav- 
ioral changes during the acquisition of a conditioned reaction 
in rats. 


METHOD 
Subject and Electrode Implantation 


The experiment was carried out on 66 male Wistar rats, 
weighing between 220-350 g. Under nembutal anaesthesia, 
bipolar (distance: 0.5 mm) stimulation electrodes twisted 
from teflon coated stainless steel wire (dia. 110 wm) were 
implanted using the stereotactic coordinates, AP: —6.9 mm, 
lateral: 3.9 mm (according to the stereotactic atlas of Skinner 
[39] unilateraly in the perforant pathway originating from the 
entorhinal cortex. For monopolar recording similar elec- 
trodes were placed in the dentate gyrus of the ipsilateral 
dorsal hippocampal formation (AP: —2.8 mm, lateral: 1.8 
mm) (Fig. 1A). The correct placement of the electrodes was 
verified both by recording of the proper monosynaptic field 
potential (Fig. 1B) before the experiment and by histological 
examination of parafinized brain sections after completion of 
the experiments. 


Electrical Stimulation of the Perforant Pathway 


The pp was stimulated with a square wave generator and 
a constant current isolation unit. Before the beginning of the 
behavioral experiments input/output (I/O) curves were es- 
tablished with the following components of the monosynap- 
tically evoked potential of the dentate gyrus as parameters 
(see Fig. 1B): 

SF: Slope function of the extracellular field-EPSP reflect- 
ing synchroneous synaptic activation [2, 11, 27] 
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FIG. 2. Scheme for the arrangement of CS and UCS as used in the 
four experiments. 


P: amplitude of population spike i.e., the component re- 
flecting the synchroneous discharge of granule cells [2, 11, 
27). 

A detailed description of recording and field potential 
analysis is given elsewhere [26,42]. 


Avoidance Training Procedure 


The shuttle box used for the training was constructed of 
two separate boxes (18x20 cm), which were separated from 
each other by a 6 cm high hurdle (Fig. 1C). One to two weeks 
after the implantation of electrodes, the animals were 
habituated to the experimental situation. One day prior to 
training, the unconditioned footshock (UCS; 800-900 yA; 
maximum duration 10 sec) was applied 15 times with a mean 
interval of 60 sec (30-90 sec). The unconditioned reaction 
was usually a jump into the opposite box, where the floor 
grid was without current. A jump onto the hurdle was also 
punished. 

The training procedure was performed on two consecu- 
tive days. One week later the stability of the conditioned 





ENTORHINAL STIMULATION AS A CS 


TABLE 1 


PARAMETERS OF THE CONDITIONED STIMULUS (PERFORANT PATHWAY STIMULATION) AS 
USED IN THE FOUR EXPERIMENTS 





Experiment 
1 


Experiment 
, 


Experiment Experiment 
2 3 4 





40-100% P 
30-800 nA 
1,7 Hz 


Intensity criterion* 
Intensity ranget 
Stimulating 
frequency 
Train frequency 
Train duration 
Number of trains or 
single pulses before 
the onset of UCS 
Number of animals 18 


170-320 wA 


40% P 
150-470 nA 
1 Hz 


25% SF 
50-300 nA 
2 Hz 


25% SF 
1 Hz 
15 Hz 15 Hz 100 Hz 


670 msec 670 msec 100 msec 
6 6 12 





*For further explanation see Method section. 


*Impulse width 0.1 msec. 


reaction was tested in a relearning session; additionally a 
four-week relearning test was done with some of the rats. In 
order to eliminate a circadian influence and/or the behavioral 
state on the parameters of the evoked potential [45,46] all 
behavioral tests were performed at the same time of day. The 
CS (perforant path stimulation) was started 6 sec (4 sec in 
Experiment 1) before the onset of footshock and ended with 
the UCS (Fig. 2). Forty trials were given on each training 
day. The intertrial interval was irregular (30-90 sec) with a 
mean value of 60 sec. 

According to the different parameters of the CS, four 
groups of animals were trained (Table 1, Fig. 2). The inten- 
sity of the CS was chosen for each rat on the basis of a 
fraction of those intensities which elicited a maximal popu- 
lation spike. The percentage of maximal SF or P values 
served as the criterion (Table 1). 

In Experiment 2-4, individual stimuli were replaced by 
impulse trains with 10 impulses per train as the CS. If the 
animals displayed a conditioned response (latency <6 sec) 
both CS and UCS were switched-off by means of an auto- 
matic sensor which was activated whenever the rat reached 
the safe box. Before and after the daily training as well after 
every 5 trials, in Experiments 2-4, test stimuli were applied 
(10 stimuli; 0.5 Hz) to the pp, but were not followed by a 
footshock. They served in the later analysis of training- 
induced changes of the field potentials [34]. The hippocam- 
pal EEG was continuously monitored during the training. In 
a few cases the high frequency CS stimulation led to hip- 
pocampal seizure activity. In the evaluation of the results 
only those animals with normal EEG were considered. 


RESULTS 


The histological evaluation showed that the stimulating 
electrodes were mainly located in the area of the fibres of the 
medial perforant path or in the cell layers of the entorhinal 
cortex (Fig. 3A). The recording electrodes in the ipsilateral 
dorsal hippocampal formation were mainly localized over 
the dorsal leaf of the dentate gyrus (Fig. 3B). In group 3 most 
of the recording electrodes were found in the molecular layer 
of the ventral leaf. 


&, 
"hing, 


FIG. 3. Summary of the histological results. (A). Location of the 
stimulating electrodes (horizontal section) (B). Location of the re- 
cording electrodes (frontal section). 


Experiment | 


In this experiment (n=18) an attempt was made to 
produce an active avoidance reaction by combining electri- 
cal footshock (UCS) with pp-stimulation (CS) consisting of a 
single pulse. 

In 9 animals no conditioned responses could be observed 
during the two training sessions. The remaining 9 rats 
showed CR’s only occasionally. Even when the training 
period was extended to four days and the intensity of the CS 
was increased no reliable conditioned behavior could be es- 
tablished. Considering the fact that occasionally occurring 
CR’s cannot be distinguished safely from spontaneous reac- 
tions the conclusion can be drawn that the chosen param- 
eters of the CS were not sufficient for the establishment of a 
conditioned reaction. Since additional pilot experiments with 
the animals of group 1 pointed to the critical role of the 
stimulation frequency of the CS, the following experiments 
were done (Experiments 2-4). 
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FIG. 4. Main results of training Experiments 2, 3, 4. Conditioned 
responses (means of blocks of 5 trials +S.E.M.) during the three 
training sessions. Data of a relearning test four weeks after first 
training is shown for Experiment 4 (broken line, n=12). Hatched 
diagram: means of spontaneous jumps. 


Experiment 2 


The parameters of CS are shown in Table | and Fig. 2. 
Considering the mean CS’s of the entire group (n=9), a suc- 
cessful training occurred on the second day of training (Fig. 
4). This effect was mainly confined to 5 animals, whereas 4 
animals only occasionally showed CR’s. Starting with initial 
orienting reactions in response to the CS, the first con- 
ditioned reaction appeared mostly after the 25th trial of first 
training day (Fig. 4). A remarkable increase in the learning 
curve could be observed during first trials of the second day. 
The five ‘‘good learners’’ showed on the average 80% CR’s 
on the second day after about 15 trials. During the second 
training day there was an increasing tendency of the rats to 
display spontaneous jumps (Fig. 4). However, from the five 
‘*good learners’’ only 2 showed this relatively high number 
of spontaneous jumps. In one of these animals, this was 
mainly due to the fact that each conditioned reaction was 
followed by a return to the startbox. The mean latencies for 
the whole group are shown in Fig. 5. 


Experiment 3 


In this experiment higher stimulation intensities for the 
CS were used (Table 1, Fig. 2). Obviously, this led to an 
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FIG. 5. Mean latencies+S.E.M. of instrumental responses. Open 
circles: first day. Filled circles: second day. In the far left part the 
latencies of unconditioned responses during the UCS-pretraining 
period are given. 


improved learning (Fig. 4 and 5). Eleven out of 15 animals 
displayed conditioning whereas in the remaining 4 animals 
only occasional CR’s were seen. If one takes a criterion of 
70% CR per block of five trials, this criterion was fulfilled at 
the end of the first day (n=1), beginning of the second day 
(n=4), end of the second day (n=6) or end of relearning on 
the tenth day (n=4). 


Experiment 4 


By using high-frequency trains as the CS (see Table | and 
Fig. 2), stable conditioned reactions could be established in 
10 out of 13 animals. Six animals showed a sharp increase in 
the learning curve at the end of the first training day and 4 
animals improved from the middle of the second training 
day. The mean CR’s for the entire group are shown in Figs. 4 
and 5. An additional relearning test after 4 weeks showed 
results similar to the relearning session on the 10th day. In 
contrast to Experiments 2 and 3, all the animals showed a 
very high number of spontaneous jumps. 


Specificity of CS 

In order to exclude that the behavioral responses were 
conditioned more to noise from the equipment rather than to 
the CS, in all experimental groups the same test procedure 
was performed: (1) Some of the rats were trained when the 
shuttle-box was enclosed in a sound-proofed isolation 
chamber, thus eliminating disturbing noise. In spite of this 
successful learning could always be observed. (2) Some of 
the animals were tested to see whether a CR could be elicited 
by solely exposing them to the experimental noise. This was 
found to be impossible. During the low frequency test stimu- 
lation, which was given after every five trials, and which 
could be considered as a non-reinforcing differentation 
stimulation, conditioned reactions rarely occurred. Their 
appearance was confined to rats with a high spontaneous 
jumping rate. 





ENTORHINAL STIMULATION AS A CS 


With an additional group of 10 animals, a pseudotraining 
procedure with the same CR-parameters as in Experiment 3 
but with uncoupled CS- and UCS-application was _per- 
formed. The number of footshocks was reduced during the 
course of training according to the protocol of one of the 
trained animals of group 3. This pseudotraining led neither to 
a response to the CS nor to an increase of spontaneous 
jumps. 


DISCUSSION 


From the present results it can be concluded that rats can 
learn an active avoidance reaction in the shuttle box, when 
the electrical stimulation of the perforant pathway is used as 
the CS. The negative behavioral effects obtained with stimu- 
lation frequency of 1.7 Hz for the CS points to the impor- 
tance of higher stimulation frequencies in order to achieve 
conditioned responses. Successful learning was obtained 
with stimulation trains consisting of 15 Hz. 

Perforant pathway stimulation in naive rats never lead to 
the appearance of conditioned responses or other types of 
overt behavioral consequences. On the other hand, in 
trained rats the application of the CS (electrical stimulation 
of the perforant pathway with 15 Hz-trains) always resulted 
in instantaneous orienting responses. Additionally, trained 
rats displayed the conditioned reaction over several weeks in 
a nearly stable manner. Taking into account that pseudo- 
training never led to conditioned reactions one can conclude 
that the described training procedure was effective with re- 
spect to the development of a true conditioned behavior. 

At present, both the phenomenon of generalisation and 
extinction have not been tested adequately. However, at a 
lower frequency of perforant pathway stimulation (0.5 Hz) in 
trained rats, there was no evidence of generalisation, i.e., 
rats never responded with conditioned reactions when the 
frequency parameter of the CS was different from training. 
The results from the group trained with 100 Hz (Experiment 
4) deserve cautionary interpretation. Because of the high 
rate of spontaneous crossings the extent of true conditioned 
behavior is difficult to differentiate from a generalization 
effect. 

With respect to the importance of the entorhinal cortex in 
learning processes, different and to some extent contradic- 
tory evidence have been reported [8-9, 17, 28, 33]. Bilat- 
eral damage to the perforant paths in rats produces impaired 
two-way active avoidance performance [31]. Some elec- 
trophysiological findings support the assumption, that the 
perforant pathway is involved in the formation of con- 
ditioned responses, at least when the activity of the dentate 
gyrus was taken as the variable under investigation [10, 37— 
38]. Recently, we found in rats trained in a Y-maze to ac- 
quire a brightness discrimination task, that the synchronous 
discharge of the dentate gyrus cells to indifferent stimulation 
of the perforant pathway becomes more effective over a 
period of 4 to 24 hours after the training procedure [37]. 
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There is evidence that the units of the entorhinal cortex dis- 
play mainly long latency and persistent responses following 
the application of a CS [38]. 

The application of electrical stimulation as a conditioned 
stimulus is not new [12, 16, 18 41]. It is worth noting 
that in these investigations a stimulation frequency of more 
than 10 Hz has proven to be effective. In contrast to the 
investigations cited above, our aim was to use the activation 
of a hippocampal input with remarkable plastic potency [1, 2, 
4-5, 11, 14, 20, 22-25, 30, 32] as a CS. 

In a similar experiment an attempt was made to use the 
stimulation of the perforant path as a discriminative CS in 
different appetitive and avoidance tasks [36]. The fact that 
this procedure has been shown to be unsuccessful [36], 
seems to support our conclusion that the frequency of the 
CS-train is of critical importance, since in these experiments 
[36] lower frequencies were used (4 and 10 Hz, respectively). 

Although the phenomenon of long-term potentiation has 
been frequently related to memory formation [4, 10, 20, 
23-24] direct evidence for a causal relationship of both proc- 
esses are still lacking. Even in the case of our results it 
remains to be clarified that the establishment of the con- 
ditioned behavior is causally related to hippocampal poten- 
tiation induced by the CS-train. However, it is striking that 
the parameters of the behaviorally effective CS-trains re- 
sembles the stimulating parameters in most potentiation ex- 
periments. It should also be mentioned that entorhinal cortex 
neurons react both to indifferent and conditioned sensory 
stimuli with spike frequencies which are in the range of our 
CS-train [35, 38, 40]. The question as to whether the perfo- 
rant path input to the hippocampus is involved in the estab- 
lishment of the CR or whether spread of excitation to other 
structures is more essential for the behavioral effect, is now 
under investigation. 

So far, the described training model seems to offer a new, 
promising way to narrow the gap existing between synaptic 
and behavioral plasticity. Preliminary experiments in this 
direction have shown in the group of ‘“‘good-learners”’ (Ex- 
periment 2) a training-dependent change in the excitability of 
the perforant pathway-dentate area synapses: whereas the 
extracellular EPSP-component is increased the population 
spike decreases. A more detailed analysis of the evoked po- 
tentials further indicates the specifity of these changes [34]. 

In summary, it can be concluded that the described pro- 
cedure (perforant path stimulation as CS) is principally suit- 
able for the formation of a conditioned reaction. With this we 
have a behavioral-physiological method which permits the 
simultaneous investigation of plastic changes both at the 
synaptic and behavioral level. 
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TAKAHASHI, L. K. AND R. K. LORE. Intermale and maternal aggression in adult rats tested at different ages. 
PHYSIOL. BEHAV. 29(6) 1013-1018, 1982.—In Experiment 1, rat colonies consisting of two males and one female were 
established when the animals were either 100, 200, or 300 days old. All colony members were reared from weaning in small, 
stable isosexual groups prior to colony formation. Males that were 200 days old engaged in significantly more fighting at 
colony formation, and, three weeks later, were more likely to wound an intruder during a 24 hr aggression test than either 
younger or older animals. These findings demonstrate that colony aggression in male rats varies markedly as a function of 
age when reared under housing conditions that are employed in most laboratories. In Experiment 2, colony females were 
individually housed after their second pregnancy and their response to a male intruder was evaluated for a 24 hr period after 
nine days of lactation. Maternal aggression occurred at all ages, indicating that age may be of lesser importance in nest 
defense of females than intermale conflict. However, maternal aggression was ineffective in preventing the destruction of a 
high proportion of the litters by intruders in the three maternal age groups. 


Intermale aggression Maternal aggression Age 


Rats Intruder 


Social experience infanticide 





SOME investigators who work with adult laboratory rats use 
animals that are less than 125 days old whereas others use 
much older animals. The implicit assumption here is that 
once an animal reaches sexual maturity, its behavior remains 
fairly constant thereafter [7]. In intraspecies aggression re- 
search, this assumption is particularly suspect since there is 
no information available on the relationship between age and 
fighting in laboratory rats during the period from early sexual 
maturity (at about 60 days of age) through late adulthood. 

In contrast to the lack of information on the relationship 
between age and aggression in laboratory rats, studies on 
wild Norway rats indicate that age is a crucial factor in- 
fluencing the readiness of an animal to attack a conspecific. 
For example, Calhoun’s [6] extensive study of a captive 
population of wild rats showed that animals below 85 days of 
age rarely engaged in serious fighting, and a consistently high 
level of fighting, as indicated by the prevalence of wounds, 
did not occur until the animals were more than 250 days old. 
Similarly, Robitaille and Bovet [13] observed in wild popula- 
tions of rats that fighting was rare in animals estimated to 
weight less than 150 g. Agonistic encounters appeared most 
frequently among larger animals that were estimated to 
weight 150 to 350 g. However, these 150 to 350 g animals 
avoided confrontations with still larger individuals and al- 
ways lost in fights with these heavier animals. Since the size 
of rats increases with age, these findings indicate a strong 
and positive relationship between age and aggression and 
that older animals are more aggressive than younger but sex- 
ually mature adults. 

Domestic rats living in established colonies sometimes 





ignore unfamiliar intruders, or at the opposite extreme, at- 
tacks resulting in death to the intruder may occur. These 
differences in colony aggression (reviewed by Lore et al. 
Aggress. Behav., in press) are partially explained by subtle 
differences in the previous social/aggressive experience of 
the animals, as well as the nature of the physical environ- 
ment and duration of the aggression test. However, differ- 
ences in the age of the colony residents may also account for 
some of the inconsistencies noted between different labora- 
tories. 

Often age differences are confounded with other varia- 
bles. For example, rat colonies consisting of three males and 
three females were given weekly exposures to conspecific 
intruders [5]. At the end of nine weeks, these colonies 
(‘‘early-introduction colonies’’) showed higher levels of 
alpha male attack than colonies not exposed to intruders 
(“‘late-introduction colonies’). Thus, previous exposure to 
intruders produced higher levels of aggression relative to 
animals that were comparable in age but given no intruder 
experiences. In the same study, the emergence of an alpha 
male in the late-introduction colonies occurred with fewer 
weekly intruder exposures. Although it was concluded that 
extensive intracolony social experiences potentiated 
intruder-directed aggression, the animals in the late- 
introduction colonies were also older than those in the early- 
introduction colonies when weekly intruder tests were ini- 
tiated. Hence, the more rapid emergence of alpha male at- 
tack may have been, in part, a consequence of their greater 
age. 
In this study, small colonies of rats consisting of two 
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males and one female were established when the animals 
were either 100, 200, or 300 days of age. All animals were 
reared in small, isosexual groups to duplicate the housing 
conditions of laboratory rats commonly used in aggression 
research. In Experiment 1, fighting at colony formation and 
intruder-directed attack was assessed for the resident males. 
In Experiment 2, maternal aggression directed toward an 
unfamiliar male was examined following delivery of the sec- 
ond litter. 


EXPERIMENT | 


METHOD 
Colony Animals 


Male and female Long-Evans rats obtained from Perfec- 
tion Breeders, Douglassville, Pennsylvania served as colony 
residents. All animals were weaned at 21 days of age and 
reared in isosexual groups of four animals. Two weeks prior 
to the start of colony formation, the animals were separated 
and placed in standard laboratory cages. Purina rat chow and 
water were freely available throughout the study. 


Colony Formation 


Three groups of nine colonies, each consisting of two 
males and one female, were formed when the animals were 
either 100, 200, or 300 days old (+2 days). The males aver- 
aged 295.0, 484.3, and 513.3 g in body weight whereas 
females averaged 208.5, 294.5, and 319.7 g at 100, 200, and 
300 days of age, respectively. One male in each colony was 
earpunched and marked with dye to facilitate rapid identifi- 
cation. 

At colony formation, two nonlittermate males were 
placed simultaneously into a stainless steel cage (63.5x41.5x 
25.5 cm) with Plexiglas fronts and pine chips scattered on the 
floor. The aggressive interactions between the two males 
were observed for the first 20 min of colony formation. The 
specific behaviors recorded for each male were: (1) com- 
bined duration of on-top and lateral postures and (2) number 
of bites. These behaviors have been described previously 
[3]. At the conclusion of the 20 min observation session, the 
female was placed into the colony. 


Intruder Tests 


After 21 days of cohabitation, the female was removed 
and a naive male Long-Evans intruder was placed into each 
colony for a 24 hr period. Prior to this aggression test, all 
intruders were reared in isosexual groups of 4 to 6 animals 
from weaning at 21 days of age and were 100 to 114 days old 
with an average body weight of 346.5 g. 

The 24 hr intruder test consisted of two successive 
phases: (1) the aggressive behaviors of the colony males 
toward the intruder were recorded for the first 30 min and (2) 
immediately after this observation period, the intruder was 
removed and placed into a Plexiglas escape chamber 
(28.4 12.7 11.4. cm) and returned to the colony. At one end 
of the chamber, a 5.1 cm diameter hole was cut to provide 
passage. The use of the escape chamber minimizes damaging 
attack, but still provides a sensitive long-term assessment of 
the colony’s aggressive reaction to the intruder [18]. That is, 
intruders that are unable to leave the escape chamber be- 
cause of the readiness of residents to initiate attack will incur 
greater body weight losses after 24 hr than intruders that are 
attacked less frequently. After the aggression test, the col- 
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TABLE 1 


INTERMALE AGGRESSION DURING THE INITIAL 20 MIN OF 
COLONY FORMATION AT EITHER 100, 200, OR 300 DAYS OF AGE 





Age in Days 





Proportion of colonies 2/9 
exhibiting aggression 

Mean duration in seconds 19.0 29.1 98.8 
of lateral and on-top (5.0) (12.4) (55.2) 
postures (SE)* 

Mean number of 0.5 1.6 5 
bites (SE)* (0.5) (1.3) (0.5) 





*Scores are based only upon those colonies exhibiting aggression. 


ony males and the intruder were weighed, anesthetized with 
ether, and examined for body wounds. The two resident 
males and the previously separated female were then re- 
turned to their respective colony. 


RESULTS 
Colony Formation Fights 


Aggression occurred in nearly 90% of the 200 day old 
group at the time the males were initially placed into the 
colony (Table 1). In marked contrast, fighting was observed 
in only 22.2% of the 100 and 300 day old males. A Fisher 
exact probability test was used to compare the number of 200 
day old colonies exhibiting aggression to the combined total 
of the 100 and 300 day old groups. Significantly more fighting 
occurred at 200 days of age than in the other two age groups 
(p =0.004 two-tailed). 

Although the aggressive behaviors were recorded sepa- 
rately for each male in the colony, the behavioral scores 
were combined because of the low number of 100 and 300 
day old animals that engaged in fighting. The combined ag- 
gression scores for those colonies that exhibited fighting are 
presented in Table |. Interestingly, there was an increase in 
lateral and on-top posturing as the animals became older as 
well as a slight increased in the number of bites. Closer 
examination of each colony which engaged in aggression re- 
vealed that 87.1% (100 days) 94.6% (200 days), and 100% (300 
days) of the lateral and on-top behaviors were made by one 
male. Furthermore, this aggressive male accounted for all 
the bites that were observed during fighting. 


Aggression of Colony Males Toward an Intruder 


As Table 2 indicates, 33.3% of 121 day and 55.6% of 221 
day old resident males showed aggression toward the in- 
truder during the first 30 min. In contrast, fighting was not 
observed in the 321 day old group. This difference in the 
number of 121 and 221 day old colonies exhibiting aggression 
toward an intruder in comparison to the older 321 day old 
animals was significant (Fisher exact probability test, 
p=0.04, two-tailed). It should be noted that in both these 
groups, the aggression directed toward the intruder was 
made by only one male. Furthermore, the duration of lateral 
and on-top posturing and the number of bites were consid- 
erably higher in the 221 day old colonies. There were no 
observed instances of intruders attacking the resident males. 
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TABLE 2 


BEHAVIORAL AND PHYSICAL MEASURES ASSOCIATED WITH INTRUDER PRESENCE 
DURING THE INITIAL 30 MIN OBSERVATION PERIOD AND AFTER 24 HR 





Age in Days 


221 





Initial 30 min period 
Proportion of colonies 
exhibiting aggression 
Mean duration in seconds 
of lateral and on-top 
postures (SE)* 
Mean number of 
bites (SE)* 
After 24 hr 
Mean number of 
intruder wounds (SE) 
Mean percent body weight 
change of intruder (SE) 
Mean percent body weight 
change of colony males (SE) 


72.8(20.4) 


0.7 (0.7) 


0.3 (0.2) 6.9 


—0.5 (0.6) 2.9 


0.1 (0.6) 0.8 (0.7) 


5/9 0/9 


184.8(104.8) 0.0(0.0) 


4.0 (2.1) 0.0(0.0) 


(2.9) 0.0(0.0) 


(0.8) 0.9(0.7) 


0.4(0.3) 





*Scores are based only upon those colonies exhibiting aggression. 


Physical Measures After 24 hr 


Intruders placed into the 221 day old colonies lost some- 
what more body weight after 24 hr than those placed into 
either the 121 or 321 day old groups (Table 2). However, a 
Kruskall-Wallis one-way analysis of variance conducted 
separately on the percent body weight change of intruders 
and colony males indicated no reliable differences as a func- 
tion of colony age. 

In contrast to the nonsignificant loss in body weight 
among intruders, there was a high number of wounds on 
intruders placed into the 221 day old colonies (Kruskall- 
Wallis H=14.10, p<0.01). Subsequent tests indicated that 
the number of intruder wounds was reliably higher after 
fighting in the 221 day old colonies than in the other two 
groups (p<0.05 in both cases, Mann-Whitney test, two- 
tailed). There were no reliable differences in the number of 
intruder wounds following exposure to 121 and 321 day old 
colonies. No wounds were found on any of the colony resi- 
dents. 


EXPERIMENT 2 


METHOD 


When the females in the three age groups were visibly 
pregnant with their second litter the colony males were re- 
moved. One female in the 100 day old group died of unknown 
cause prior to her second pregnancy and one 300 day old 
female lost her pups prior to testing. Furthermore, four 
females (one 200 day old, three 300 day old) failed to suc- 
cessfully reproduce. Thus, eight females in each of the 100 
and 200 day old group and five females in the 300 day old 
condition were tested for maternal aggression. 

At the time of their second delivery, the females averaged 
173.9 days (range= 154-192), 268.1 days (range=247-302), 
and 359.4 days (range =342-379), in the young, middle, and 
older age conditions, respectively. On postpartum Day 9 


(day of birth=Day 0), when maternal aggression is at its peak 
[9], a naive male Long-Evans intruder was placed into the 
colony of each female for a 24 hr period. The rearing condi- 
tions of these intruders were identical to that described pre- 
viously. The intruders were 100 to 125 days old with a mean 
body weight of 370.1 g. The 24 hr aggression test was con- 
ducted in the same manner as indicated in the previous ex- 
periment: A 30 min observation period followed by the use 
of the escape chamber. Female body weights were taken 
approximately 15 to 30 min prior to the intruder test. The 
mean body weights of the three groups of females on Day 9 
of lactation were, in terms of increasing ages, 331.5 g, 
g, and 342.2 g, respectively. In addition, the number of pups 
in each litter was counted at this time. Pups were counted in 
their nest to minimize nest disturbance. 

Differences in behavior among groups were tested for 
significance by Kruskall-Wallis one-way analysis of variance 
and Fischer exact probability tests. 


RESULTS 
Initial 30 min Observation Period 


Introduction of male intruders into colonies on 
postpartum Day 9 elicited maternal aggression in all three 
groups of females (Table 3). Although more young and 
middle-age females attacked (87.5%), relative to older 
females (40%) there were no reliable differences in aggres- 
sion between these groups (Fisher exact probability test, 
p=0.13, two-tailed). Furthermore, the middle-age females 
engaged in more aggressive posturing and made more bites 
than the other two groups, but neither difference was statis- 
tically significant. 

In addition to the occurrence of maternal attacks, intruder 
aggression was observed in approximately 50% of the col- 
onies (Table 3). There were no signficant differences in the 
combined duration of lateral and on-top posturing or the fre- 
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TABLE 3 


BEHAVIORAL AND PHYSICAL MEASURES ASSOCIATED WITH MATERNAL AGGRESSION DURING 
THE INITIAL 30 MIN OBSERVATION PERIOD AND AFTER 24 HR 





Age in Days (range) 


154-192 247-302 342-379 





Initial 30 min 
Proportion of colonies 
exhibiting maternal aggression 
Mean duration in seconds 
of lateral and on-top 
postures by females (SE)* 
Mean number of bites 
by females (SE)* 
Proportion of colonies 
exhibiting male intruder aggression 
Mean duration in seconds of 
lateral and on-top postures 
by male intruders (SE)* 
Mean number of bites by 
male intruders (SE)* 
After 24 hr 
Mean percent body weight 
change of intruders (SE) 
Mean percent body weight 
change of females (SE) 


7/8 7/8 2/5 


81.3(28.8) 162.3(61.2 46.0(40.0) 


2.6 (1.1) 0.5 (0.5) 


4/8 3/8 3/5 


40.0(20.6) 80.0(61.8) 134.7(71.9) 


1.0 (1.0) 2.3 (0.3) 2.7 (0.9) 


—0.3 (0.5) 1.6 (0.7) 1.3 (1.8) 


3.1 (2.8) ~1.3 (1.3) 





*Scores are based only upon those colonies exhibiting maternal aggression. 
*Scores are based only upon those colonies exhibiting male intruder aggression. 


quency of bites made by intruders. In the majority of cases 
(60%), intruders attacked following female-initiated fights, 
but in four colonies intruders initiated the fights. 

The most dramatic finding during the 30 min observation 
session was the high occurrence of male infanticide in all 
three groups of females (Table 4). Destruction of entire lit- 
ters was observed in nearly 60% of the 21 colonies tested 
during the first 30 min. Our informal observations indicated 
that bites on the young occurred rapidly and appeared to be 
made indiscriminately on all areas of the body. Moreover, 
once infanticide began, most pups were killed in rapid suc- 
cession. There was not a single observed instance in which a 
female killed a pup. 


After 24 hr 


No significant changes in body weight were found for 
either females or intruders after the aggression tests (Table 
3). Moreover, wounds were confined to three intruders 
(mean number=1.3) in the middle-age group and no body 
wounds were found on any female residents. 

As Table 4 indicates, 85.7% of the litters were completely 
destroyed after 24 hr. Although it is uncertain whether the 
male intruder was solely responsible for the death of all 
pups, the occurrence of killing observed when the intruder 
was first placed into the colony strongly suggests that the 
male was responsible for these acts. 


GENERAL DISCUSSION 


The results of Experiment | indicated that males that 
were 200 days old at the time of colony formation engaged in 


significantly more fighting and, three weeks later, were more 
likely to injure unfamiliar intruders during a 24 hr aggression 
test than both younger (100 day old) and older (300 day old) 
animals. It should be emphasized that the peak in intruder- 
directed aggression is not attributable to a greater difference 
in age between residents and intruders at 221 days than at 
121 days of age because (1) 321 day old resident males which 
were considerably much older than intruders failed to exhibit 
aggression and (2) the same relationship between age and 
aggression was demonstrated at the time of colony forma- 
tion, which consisted of pairing males that were similar in 
age. Taken together, the increase and subsequent decline in 
aggressiveness as a function of age provide strong evidence 
that the propensity to exhibit intermale aggression will vary 
significantly long after the animals attain sexual maturity. 
These findings agree, in part, with Calhoun’s [6] work on 
wild rats: Adult males did not engage in serious fighting until 
they were 200 or more days old. However, the almost total 
absence of aggression in our 300 day old males differs strik- 
ingly from Calhoun’s findings that animals at this age and 
even much older (450 days) continued to fight readily and 
dominated younger males. This contradiction is very likely a 
consequence of experiential differences between laboratory 
and wild rats. In the field, the older rat that survives is prob- 
ably an experienced fighter, whereas our 300 day old rats 
were reared for prolonged periods in small, stable groups 
where aggression occurs infrequently [1,8]. Thus, in the ab- 
sence of varied aggressive experiences for an extensive 
period of time, a reduction in aggression will occur. Cer- 
tainly, laboratory rats given varied experiences with 
intruders—hence partially duplicating the wild rat’s 
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TABLE 4 


LITTER SIZE AND OCCURRENCE OF INFANTICIDE BY INTRUDERS 
AS A FUNCTION OF MATERNAL AGE 





Age in Days (range) 
154-192 247-302 342-379 





Mean litter size (SE) 13.5(0.9) 9.0(1.1) 5.8(1.5) 
Proportion of litters 3/8 5/8 4/5 
completely killed after 
30 min 
Proportion of litters 


completely killed after 
24 hr 





*One pup survived in a litter of eight. 
*Five pups survived in a litter of five. 
¢Six pups survived in a litter of six. 


experience—are capable of intense aggression toward 
strangers at 415 days of age [4]. 

Other investigators have found that older laboratory rats 
reared under conditions comparable to ours were equally 
nonaggressive. For example, Barnett and Hocking [2] re- 
ported that laboratory rats reared in mated pairs or in groups 
of three of like sex showed little evidence of aggression when 
colonies were formed between 322 to 350 days of age. Al- 
though their study purported to demonstrate that laboratory 
rats were considerably less aggressive than wild rats, their 
findings, instead, inadvertently provide further evidence that 
the lack of varied aggressive experiences can attenuate the 
motivation for rats to exhibit fighting at an old age. 

An alternative, but not entirely incompatible explanation 
for the reduction in aggression among 300 day old rats is that 
social housing inhibited fighting. This suggestion that pro- 
longed periods of social rearing may reduce aggression in 
animals is not a new one. Long ago, Scott [16] found that 
mice reared together became completely nonaggressive 
toward each other even after attaining adulthood. Scott 
suggested that these animals developed a habit of not- 
fighting which was termed passive inhibition. Eibl-Eibesfeldt 
[8] reported a similar finding in rats. However, both inves- 
tigators indicated that unfamiliar conspecifics introduced 
into the group were often attacked and wounded. Hence, our 
findings of no intruder-directed aggression in 321 day old 
males may be the result of extensive and stable social rearing 
conditions which decreased the propensity of males to ag- 
gress even toward unfamiliar conspecifics. If social rearing 
rather than the lack of varied conspecific experiences is re- 
sponsible for the attenuation of aggression in old males, then 
animals raised under conditions with little or no opportunity 
to interact with other conspecifics should exhibit higher 
levels of fighting when tested at 300 or more days of age 
relative to socially reared animals. 
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The results of Experiment 2 showed that socially reared 
females were capable of exhibiting maternal aggression irre- 
spective of their age and litter size at the time of testing. 
Whether female rats at different ages show comparable 
levels of aggression throughout the entire lactation period is 
unknown, but at least when tested on postpartum Day 9, the 
duration of aggressive posturing and the number of bites 
were not reliably different. Svare and Gandelman [17] re- 
ported a similar finding in a longitudinal study conducted in 
mice. They found that the majority of females that were able 
to reproduce displayed aggression during six successive lac- 
tation periods despite a gradual reduction in litter size. How- 
ever, they did note a decline in the intensity of maternal 
attacks across successive lactation periods that indicates a 
possible age effect. Although we found no significant differ- 
ences in aggression between females tested at various ages, 
our findings should be interpreted cautiously due to the small 
sample size of the oldest group of animals. 

Experiment 2 further revealed that unlike the majority of 
intruders that rarely attack resident males [3], intruder ag- 
gression directed toward the lactating female occurred in 
nearly 50% of the 21 colonies that were tested during the 
initial 30 min observation period. In addition, an unexpec- 
tedly high number of intruders committed infanticide. In 
some intruder tests, once pup-killing began, the entire litter 
was destroyed within the first 30 min. Previously, Erskine, 
Denenberg, and Goldman [10] found that 38% of 110 day old 
male rats attacked and killed the litters of lactating females. 
Although the percentage of males that killed in their study is 
somewhat lower than the percentage we found after 24 hr 
(85%), their animals were tested for only 45 min. Indeed, 
several of the males in our study required a period of greater 
than 30 min to initiate the killing response. Other inves- 
tigators [14,15] have also reported that 55-80% of male rats 
will kill pups that are introduced into their cage for a 24 hr 
period. 

The high number of males that engaged in pup-killing 
using a test session that is considerably longer than com- 
monly used to study maternal aggression is especially 
noteworthy because it offers an interesting laboratory model 
to study the reproductive strategies of males. To date, sev- 
eral studies have examined the propensity for males to ex- 
hibit pup-killing in collared lemmings [12], meadow voles 
[20], and mice [11,19] and have interpreted their findings in 
terms of a reproductive tactic for males to increase their 
fitness relative to other males. That is, males that kill appear 
to benefit by impregnating the female that has lost her litter, 
thereby siring young that are his after a shorter time period 
than males that do not kill. Whether pup-killing by labora- 
tory male rats will enhance their reproductive output is a 
question that awaits further investigation. 
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TAYLOR, G. T. AND J. WEISS. Presence of intact and gonadectomized juveniles and the reduction of fighting between 
adult male rats. PHYSIOL. BEHAV. 296) 1019-1023, 1982.—Research is reported which investigated the aggressive 
interactions between adult male rats in the presence of 17-27 day old juvenile conspecifics. Following a brief exposure to an 
inaccessible juvenile male, juvenile female, estrous adult female, or empty compartment, the males of Experiment | were 
allowed to interact with another adult male. Results were that the presence of both genders of juveniles reduced fighting 
between the adult males, and pre-pubertal females were particularly effective as an aggression-inhibitor. The hormonal 
bases for those sex differences were examined in Experiment 2 using juveniles gonadectomized on Postnatal Day 10. Adult 
males were more aggressive following exposure to intact juvenile males than to castrated juvenile males; the latter males, 
intact juvenile females, and ovariectomized juvenile females provoked similar and low rates of fighting between adult 
males. These data suggest that the sexual dimorphism is a function of testicular hormones present during the juvenile stage 
which modify the stimulus characteristics of a pre-pubertal male rat. 

Androgens 


Juvenile hormones Adult aggression, reduction 


The level of sophistication necessary for the display of 
agonistic buffering may limit its application only to primate 
species. Nonetheless, the implications from the primate data 
are testable in other mammalian species. For example, ag- 
gressive adult male rodents may be less aggressive toward 
other adults when there are young conspecifics in close prox- 


THE juvenile stage represents a unique period in a mam- 
mal’s ontogeny. In comparison with infants and adults, a 
juvenile rodent may behave differently when it is alone, for 
example, with fearlessness to a novel stimulus [3], or when it 
is socially interacting, for instance, with play fighting [36]. 
Moreover, the adult members of the social group respond 


differently toward the juvenile. A normally aggressive adult 
rodent may be more likely to attack an infant [20,28] or an- 
other adult [18] than a juvenile conspecific. 

The enhanced protection from adult attack afforded 
juvenile rodents has received experimental support from 
laboratory [13,38] and field [5,31] studies. The stimulus 
characteristics protecting the pre-pubertal animals are likely 
multi-modal, including a unique juvenile odor, size and be- 
havior [37]. The suggestion [29] is that the low titers of cir- 
culating gonadal hormones in the juvenile is a key factor 
underlying these effects. 

A related idea is that juvenile protection may generalize 
to nearby adults. There is reference in the primate literature 
to agonistic ‘‘buffering’’ [10, 15], where a subordinate adult 
carries a ‘‘borrowed”’ young conspecific to approach an ag- 
gressive adult male. The implication is that the presence of a 
pre-pubertal primate reduces aggression among adult males. 
The hypothesis received modest support in field studies of 
Barbary macaques [9,40] and olive baboons [24]. 


imity [19]. The present research examined the relationship 
between the presence of juveniles and the aggressive re- 
sponses of adult male rats. In the first experiment, aggres- 
sive interactions between adult male rats were observed 
after one of the adults had been exposed to an inaccessible 
juvenile male, juvenile female, estrous adult female, or 
empty chamber. 
EXPERIMENT | 
METHOD 

Subjects 

The 66 adult Long-Evans male rats were 120 days old at 
the beginning of the experiment. The animals were tested 
for relative aggressiveness in a neutral cage, once each day 
in round-robin fashion, 5 min per day. The 17 least aggres- 


sive males were retained as ‘“‘target’’ animals, the 17 most 
aggressive males were discarded from the experiment, and 
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the remaining 32 males were randomly assigned to 1 of 4 
experimental groups, 8 males per group. 

In addition, 18 females, 100-160 days old, and 22 
juveniles from 5 litters were used as ‘‘stimulus’’ animals. 
Juveniles were 17-27 days of age, with both genders and 
each age equally represented throughout the experiment. 
Those juvenile ages were chosen because it is well before the 
hormonal changes associated with puberty [12], and the 
animals can be individually housed without their dam and 
her potentially confounding odors. All animals were housed 
individually with water and food freely available. The colony 
and experimental rooms were temperature (20°-22°C) and 
humidity (S50+5%) controlled with lighting on an 12 hr 
light/12 hr dark cycle. 


Apparatus 


An apparatus used in earlier research was used; a detailed 
description and a diagram of the chamber are available [32]. 
The apparatus was composed of a pair of wood and Plexiglas 
structures that face each other. One structure, 11 x 14x30 
cm, housed the subject male when he was exposed to a 
stimulus animal. The second structure, 622230 cm, was 
manually moveable along tracks. It consisted of 4 com- 
partments. One end compartment housed the stimulus 
animal, the adjacent structure served as an olfactory ‘dead 
space,’ and one of the other 2 compartments, painted black 
and white, respectively, housed a target male. A perma- 
nently attached screen of 1.26 cm hardware cloth covered 
the front of the stimulus animal’s compartment, rendering 
that animal inaccessible to the subject. A second apparatus 
was used to test for relative aggressiveness. It was an opaque 
plastic cage, 50x27x22 cm, containing fresh bedding and 
with a wire-mesh top for easy observation of the animals. 


Procedure 


The 32 experimental males were given 4 daily spaced 
trials, 2 free choice followed by 2 forced choice trials [34]. A 
trial began by positioning the compartment housing the 
stimulus animal in front of the compartment housing the ex- 
perimental male. After a l-min exposure, a guillotine door 
was lowered and the former structure moved along tracks 
until the male subject was in a position facing the black 
and/or white compartment. A target male was always in the 
black or the white compartment, counterbalanced in each 
group, and the other compartment was empty. On free 
choice trials, the subject male could view and had access to 
both compartments. During forced-choice trials, he could 
only view and enter a single compartment. The 2 daily free 
choice trials were used to assess preference to interact with 
another male, and the 2 forced choice trials were used to 
equalize experiences with the 2 alternatives. 

If the subject male entered the compartment housing a 
target male, the animals’ aggressive behaviors were ob- 
served during a 2 min interaction. If he entered the empty 
compartment, the subject male remained there for 2 min, and 
then was removed. Each compartment was thoroughly 
cleaned and new bedding was added after each subject’s 
daily trials. 

Males in Group | were exposed to an estrous, confirmed 
by vaginal smears, adult female. Earlier research [35] had 
suggested that the presence of females, and estrous females 
in particular, increases inter-male fighting. Males in Groups 
2 and 3 were exposed to a juvenile male and a juvenile female, 
respectively, and Group 4 males were exposed to an empty 
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compartment. To minimize individual recognition, the target 
males and stimulus animals were changed after each of the 4 
trials. 


Aggressive Behaviors 


The same range of agonistic interactions between male 
rats measured in earlier research [34] was used. The 
categories were adapted from behaviors described by Grant 
[23] and included pushing, crawling over/under, side-ways 
kick, aggressive grooms, aggressive postures, boxing, and 
attacks with biting. No attempt was made to distinguish be- 
tween offensive and defensive behaviors [1] since we were 
interested primarily in the agonistic behaviors of the dyad 
[4]. 


RESULTS 


There were 2 measures of the adult male subjects’ behav- 
iors, preference to interact with another male and aggressive 
responses. The 2 daily free choice trials to a target male or to 
an empty compartment provided a measure of preference 
behavior. Those data were calculated as a mean frequency, 
out of a possible 20 free choices, of choosing the target male. 
The results appear in Table 1. 

A one-way analysis of variance (ANOVA) was performed 
on the choice data over all days, and the results revealed a 
Statistically significant value, F(3,31)=18.90, p<0.01. Sub- 
sequent group comparisons with Tukey's Honestly Signifi- 
cant Difference Test (p<0.05) indicated that the empty com- 
partment exposure group (Grp 4) differed significantly from 
the other 3 groups. 

The data of primary interest were the aggressive re- 
sponses between the various dyads. The free-forced trial 
procedure allowed the subject male and the target male to 
interact twice, but only twice, each day. A daily number of 
aggressive behaviors exhibited by the pairs was calculated 
for each group (see Fig. 1). A 4x5 ANOVA was performed 
on those data with Exposure Condition over Blocks of Two 
Days as the main factors. There was a statistically reliable 
interaction, F(12,140)=11.45, p<0.01. Analyses of simple 
main effects of that interaction [26] indicated that there were 
significant differences among the groups on every block of 
days, range of F’s(3,140)=33.46—-202.30, p<0.01. Tukey’s 
HSD Test (p<0.05) revealed that the subject males exposed 
to estrous females (Grp 1) were more aggressive with their 
target males than the other dyads on every block of days. 
The male pairs consisting of a male exposed to an empty 
compartment (Grp 4) were more aggressive than either group 
of juvenile-exposed males on every block of days. Finally, 
the presence of juvenile males (Grp 2) provoked more fight- 
ing between adult males than the presence of juvenile 
females (Grp 3). 


EXPERIMENT 2 


Adult male rats were differentially aggressive in the pres- 
ence of juvenile female and juvenile male conspecifics in the 
first experiment. A second experiment was performed to in- 
vestigate gonadal hormones as a source of this sexual di- 
morphism. We were interested in comparing the effects of 
gonadal hormones of juveniles with normally organized cen- 
tral nervous systems. Consequently, some males and 
females were gonadectomized on postnatal Day 10, well past 
the sensitive period for the ‘‘organizational’’ effects of 
steroids on the CNS of rats [21]. 
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TABLE 1 


FREQUENCY OF CHOOSING TO INTERACT WITH A TARGET MALE 
FOLLOWING EXPOSURE TO VARIOUS STIMULUS ANIMALS OR AN 
EMPTY COMPARTMENT 





Statistic 


Exposure 


Condition Frequency SEM Percentage 





Experiment | 
Estrous Female 
Juvenile Female 
Juvenile Male 
Empty Compartment 
Experiment 2 
Intact Juvenile Male 
Castrated Juvenile 
Male 
Intact Juvenile 
Female 
Ovariectomized 
Juvenile Female 





BLOCKS OF TWO DAYS 
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FIG. 1. Individual daily mean number of aggressive behaviors of 
males following exposure to various stimulus animals or an empty 
compartment (Experiment 1). 


METHOD 
Subjects 
Animals were 66 experimentally naive 120 day-old 
Long-Evans male rats. Following the testing for relative ag- 
gressiveness, the 32 moderately aggressive adult males were 
randomly assigned to | of 4 groups, 8 males per group. The 
17 least aggressive males were retained as target animals, 
and the 17 most aggressive males discarded from the experi- 
ment. Also, 36 naive 17-27 day-old rats, with both genders 
and all days represented throughout the experiment, were 
obtained from 11 litters. On Postnatal Day 10 (Birth=Day 0), 
9 males and 9 females were gonadectomized under ether 
anesthesia. A week later, all juveniles were removed from 
their dams and individually housed. Maintenance conditions 
were similar to those described in Experiment 1. 
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FIG. 2. Individual daily mean number of aggressive behaviors of 
males following exposure to gonadectomized or intact male or 
female juveniles (Experiment 2). 


Apparatus 


The same appartus used in Experiment | was used again. 


Procedure 

General procedures were identical to those used in the 
first experiment. Following brief exposure either to an inac- 
cessible intact juvenile male (Grp 1), castrated juvenile male 
(Grp 2), intact juvenile female (Grp 3), or castrated juvenile 
female (Grp 4), the adult male subjects were allowed access 
to another male or an empty compartment. Again, the male 
subjects received a total of 20 free-choice and 20 forced- 
choice trials distributed over 10 days. 

RESULTS 

The same measures of the adult males’ behavior that were 
observed in the first experiment were recorded in Experi- 
ment 2. The mean frequencies and percentages of choosing 
the target male over all days were calculated for each group 
(Table 1). A one-way ANOVA of the frequency data failed to 
reveal a significant value, F(3,31)<1. 

Daily mean aggressive responses by the adult males were 
calculated for each group, and the results appear in Fig. 2. A 
4x5 ANOVA was performed on those data. The interaction 
between the main factors, Exposure Condition over Blocks 
of Two Days, was statistically significant, F(12,140)=9.06, 
p<0.01. Analyses of simple main effects indicated that the 
groups differed on Blocks of Days 2-5, range of 
F’s(3,140)=29.40-63.26, p<0.01. Subsequent comparisons 
of group mean performance differences with Tukey's HSD 
Test (p <0.05) revealed that the Group | males were the dis- 
crepant condition. That is, the presence of gonadally intact 
juvenile males provoked more aggressive behaviors between 
adult males on Blocks of Days 2-5 than the presence of the 
other juvenile conditions. There were no statistically reliable 
differences among the adult males exposed to castrated 
juvenile males, intact juvenile females, or ovariectomized 
juvenile females. 





GENERAL DISCUSSION 


Aggressive behaviors and the juvenile period form an in- 
tersting relationship in many rodent species. Juvenile rat so- 
cial interactions are often characterized by a special pattern 
of, perhaps playful, rough and tumble fighting [36]. Juvenile 
mice and rats may enjoy some protection from adult male 
attack [13,31] for at least part of the time, for example in 
Peromyscus during the nonbreeding season [25]. And the 
presence of an adult mouse can accelerate or delay [14] a 
juvenile attaining sexual and aggressive maturity. Indeed, 
perhaps the selective advantage for the pre-pubertal rodent 
of a delayed maturation is related to the benefit accrued from 
remaining in the unique juvenile stage. 

Sexual dimorphism has been reported in each of these 
findings [7,30]. As one example, both sexes of juvenile 
Chinese hamsters, Cricetulus griseus, received partial 
protection from adult male attack, however, the young males 
were less protected than the freely ranging young females 
[8]. Our results suggest a similar effect in rat societies. These 
differences surely are influenced by sex steroids, yet, the 
earlier experiments have not adequately distinguished be- 
tween perinatal hormonal effects and the influences of 
juvenile hormones. The findings from the present research 
extend the aggressive behavior-juvenile relationship to suggest 
that the presence of 17-27 day old rats can reduce the intensity 
of aggressive interactions between adult male conspecifics. 
Moreover, there were sexual dimorphic effects, and the data 
point to the importance of hormones functioning during the 
juvenile stage. 

Just as the presence of estrous female mice [11] and rats 
[35] increased aggression between adult males, the results of 
Experiment | suggest that an inaccessible juvenile can re- 
duce their aggressiveness. The presence of an estrous female 
also can enhance the affiliation response between males [32]. 
The free-choice data from Experiment | suggested that the 
affiliation responses between adult males increases, perhaps 
to an even greater extent, when there is a juvenile con- 
specific in close proximity (cf., [16,39]). 

In the second experiment, adult male pairs exhibited 
more aggressive behaviors after one of the two animals had 
been exposed to a juvenile male than to a juvenile female rat. 
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The presence of juvenile males which were castrated on 
Postnatal Day 10 reduced male aggressive behaviors to 
levels observed in the presence of juvenile females. Pre- 
pubertal females which were ovariectomized on Postnatal 
Day 10 were only as effective in reducing aggression be- 
tween adult males as hormonally intact juvenile females. 
These data suggest that testicular activity in the juvenile 
male is a key to the sexual dimorphic effects on adult male 
aggression. 

It is intersting to find that testicular activity during the 
juvenile period can modify the odor, sound, and/or behavior 
of a young animal [22], as well as modify the behaviors of 
adult conspecifics. The very low levels of circulating 
androgens in the pre-pubertal male [21] have led some au- 
thors to suggest that the juvenile stage is hormonally dor- 
mant, innocuously nestled between the perinatal organ- 
izational and adult activational hormone stages [27]. 
Nonetheless, the juvenile male’s reproductive tract is not 
without considerable activity. Compared to adult testicular 
function, 5 a reductase enzymatic activity is greater [6], the 
hypothalamus-pituitary-gonad feedback mechanisms are 
more sensitive [2], and testosterone metabolism in the 
epididymis is higher [17] in the juvenile male. 

In conclusion, research was prompted by an implication 
from ‘‘agonistic-buffering’’ in primates that the mere pres- 
ence of young animals may be sufficient to reduce inter-male 
aggressive behaviors. The present research used a rodent 
species, but the data suggested that exposure to both 
juvenile females and, to a lesser extent, juvenile males re- 
duces fighting between adult male rats. The precise mech- 
anism responsible for the reduced inter-male aggression re- 
mains unknown, though the present findings suggest that 
testicular hormones may be one important factor in rats. 
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OVERMANN, S. R., L. ZIMMER AND D. E. WOOLLEY. Electroconvulsive shock elicits wet-dog shakes and face 
washing in preweaning rats. PHYSIOL. BEHAV. 29(6) 1025-1037, 1982.—During the description of the ontogeny of elec- 
troshock seizures in rats, electroshock intensities from 5 to 500 mA were used and rats were tested at 17 ages between | and 
21 days and at 30 and 60 days of age. Wet-dog shakes (WDS) and face washing grooming movements (FW) were observed 
following electroconvulsive shock (ECS) in preweaning but not in 30- or 60-day-old rats. Both behaviors appeared during 
postseizure depression with predictable post-shock latencies which decreased progressively with increasing age. WDS 
typically followed clonic convulsions. During their period of peak occurrence, 8 through 13 days of age, 30 to 60% of rats 
that exhibited clonus also showed a WDS, with a mean post-shock latency of 30-33 sec. The ages of peak occurrence of 
ECS-induced WDS were similar to the ages of peak incidence of head-shaking or tremoring induced by cholinergic or 
catecholaminergic drugs, as described previously. The mean stimulus for elicitation of WDS, approximately 400 mA during 
the first postnatal week, declined to approximately 30 mA during the third week. FW typically followed tonic convulsions. 
During their period of peak occurrence, 12 through 17 days of age, 50 to 75% of rats that exhibited a tonic seizure without 
hindlimb extension also showed FW, with a mean post-shock latency of 25-32 sec. The mean stimulus for elicitation of FW 
was also approximately 400 mA during the first postnatal week and declined with development but remained above 
intensities eliciting WDS. WDS and grooming have been associated with the actions of opiates, endogenous opioid peptides 
and related compounds. In our study these behaviors followed ECS at a time coincident with a previous description of 
post-ECS release of endogenous opioids in adult rats. Additional behaviors related to the effects of endogenous opioids and 
which follow electroconvulsive shock are also described. The present observations may be explained by release of 
endogenous opioids and related peptides by ECS either during seizures or during postseizure depression and perhaps by 
activation of developing cholinergic and monoaminergic systems. 

Wet-dog shakes Grooming Opioid-related behaviors 


Rats Electroconvulsive shock Seizures 


Neural ontogeny 





patterns when elicited by ECS; certain age-by-ECS inten- 
sities were optimal in evoking the behaviors in preweaning 
rats and neither behavior could be elicited by ECS in 30- and 
60-day old rats. In contrast, previous descriptions of WDS 
have been limited to studies of adult animals, Second, the 
behaviors appeared with remarkable temporal predictability; 
their postshock latencies were strongly similar, relatively 
long (70 to 25 sec) and declined with increasing age. Third, 
the form of ECS-induced seizure influenced the appearance 
of these behaviors; WDS typically followed clonic seizures 
and FW typically followed tonic seizures. 

There is prevalent pharmacologic interest in WDS and 
grooming behaviors. The current demonstration of reliable 


ELECTROCONVULSIVE shock (ECS) testing of immature 
animals provides a means of assessing normal and 
experimentally-altered functional development of the nerv- 
ous system [109]. During postseizure depression following 
ECS to neonatal rats we observed the behavior known as 
wet-dog shakes. This behavior, which resembles a wet dog 
shaking water from its body surface, is associated classically 
with withdrawal from opiate dependence in rats and more 
recently with a wide variety of pharmacologic manipulations 
({90,115] also see Discussion). Face washing (FW), a 
species-typical grooming behavior of rats [96], was also elic- 
ited by ECS and like WDS was observed during postseizure 
depression. 


There were three salient characteristics of these ECS- 
induced behaviors that we consider highly unusual and inter- 
esting. First, both behaviors exhibited striking ontogenetic 





elicitation of WDS and FW during development provides 
interested neuropharmacologists with an additional tool— 
ECS—with which to study their neural bases. Further, our 
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demonstration of distinct ontogenetic patterns of elicitation 
of WDS and FW by ECS may provide a basis for future 
elucidation of processes involved in neural development. 


METHOD 
Animals and Maintenance 


Sprague-Dawley rats (Simonsen Laboratories, Gilroy, 
CA) were housed in opaque plastic cages with bedding of 
wood shavings and tops of stainless steel until weaning of 
their litters. Deionized water and food (Purina, 5001 Rat 
Chow) were provided ad lib and the light cycle was main- 
tained at 14L:10D. At parturition (day 0) litters were culled 
to seven pups. Pups were weaned at 21 days of age, sepa- 
rated by sexes and group-housed in stainless steel hanging 
cages at 30 days of age. 


Seizure Testing 


The equipment and application of the electroconvulsive 
stimulus are described elsewhere [124]. Briefly, silver disc 
electrodes with a small amount of electrically conductive 
paste were applied on the scalp in front of the ears and be- 
hind the eyes and a 60 Hz sine wave of 0.2 sec duration was 
delivered by a constant current stimulator. Ten different 
electroshock intensities: 5, 10, 15, 20, 25, 35, 50, 100, 250 and 
500 mA were used on days | through 15. Intensities through 
100 mA were used at all ages, and the 250 mA shock through 
day 17 and on day 60. The order of shock intensities that a 
given pup received was essentially random with the qualifi- 
cation that a pup was not given the highest level shocks (100, 
250 and 500 mA) on successive days. 

One hundred seventy one pups from 25 litters were each 
tested with one electroshock intensity on days 1, 3, 5, 7 
through 20 and days 30 and 60. Thus, each rat received one 
electroshock on 19 different days. 

Seizure behavioral patterns were defined by previous 
methods of Woolley [124] and by observation of elec- 
troshock seizures in five pilot litters of rats. A focal-animal 
observational method [4] was employed, whereby all re- 
sponses of the shocked animal were recorded in the order of 
their occurrence. A behavioral category checklist, which in- 
cluded WDS and FW, facilitated recording of ECS-induced 
responses during and immediately after seizures. Responses 
were recorded for 120 sec after the ECS or until recovery of 
exploratory behavior. The data represent the consensus of 
two observers present at all times. Each behavior on the 
checklist was defined by response topography. Postseizure 
depression was defined as the period from the end of tonic or 
clonic seizure activity to the recovery of exploratory behav- 
ior. Recovery of exploratory behavior was defined as 
locomotion indicating awareness of the environment or 
orientation to environmental stimuli including a probe to the 
vibrissae. The definition of WDS was rhythmical lateral and 
rotational shakes of the body beginning with the head and 
neck and progressing over the torso, and the definition of 
FW was stroking of the muzzle and mouth simultaneously 
with both forepaws and was often accompanied by licking 
movements. Movements of the forelimbs toward the face 
were frequently observed. However, the behavior was 
scored as FW only if the forepaws stroked the muzzle. The 
seizures were graded as follows: Grade 1=clonus only, 
Grade 2 (T2)=tonic forelimb flexion, Grade 3 (T3)=tonic 
forelimb flexion and extension, Grade 4 (T4)=tonic fore- and 
hindlimb flexion plus tonic forelimb extension, and Grade 5 
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(T5)=tonic fore- and hindlimb flexion plus tonic fore- and 
hindlimb extension. 

Timing of behaviors, including WDS and FW, was ac- 
complished with electronic timers activated simultaneously 
with the electroshock and manually turned off at the onset or 
termination of particular ECS-induced responses. 

Additionally, the occurrence of responses not specifically 
categorized in the checklist were anecdotally noted, includ- 
ing: catalepsy, jaw movements, lacrimation, licking, saliva- 
tion, and Straub tail. 


RESULTS 
Overview 


At least one WDS and one FW were observed following 
ECS on each day of preweaning development. However, 
each behavior had a maximum probability of occurrence at 
certain age-by-stimulus intensity or age-by-seizure response 
combinations. Also, both behaviors exhibited orderly de- 
clines in post-shock latency and in effective stimulus inten- 
sity during preweaning development. Neither behavior was 
observed in rats tested at 30 and 60 days of age. Occurences 
of additional behaviors possibly related to effects of endoge- 
nous opioid peptides were also dependent upon age, stimulus 
and type of seizure response. 


Ontogeny of ECS-Induced WDS and FW 


Figure | provides an overall summary of the frequency of 
occurrence, latencies and effective stimulus intensities for 
WDS and FW during ontogeny. The probability of inducing 
WDS was maximal on 8 through 13 days of age with the 
highest incidence occurring on day 9. There was a steady 
decline in the post-shock latency of appearance of WDS 
from a mean of 73 sec on day | to 23 sec on day 15. During 
the period from 9-12 days of age it was highly predictable 
that the behavior, if it occurred at all, would appear 30-33 
sec after the ECS. There was also a regular decrease in the 
strength of the electroshock stimulus required to induce 
WDS from a high of approximately 500 mA (our maximum 
intensity) on days | through 5 to a low of approximately 20 
mA on days 15 through 20, with the most rapid decrease 
between days 5 through 9. No WDS were observed in rats 
receiving ECS at 30 or 60 days of age. 

Approximately eleven percent of WDS observed were ac- 
tually two or three bouts of shaking i.e., the rat would WDS, 
become quiescent and then WDS again. Rarely, the quies- 
cent to WDS cycle would be repeated again. These multiple 
bout WDS did not appear to be related to age or shock in- 
tensity. The mean+SE of the duration of the first WDS bout 
was 7.9+0.6 sec. Shaking duration did not appear to be re- 
lated to age or shock intensity. 

At least five rats exhibited electroshock-induced FW at 
each age prior to weaning. The probability of occurrence was 
maximal on 12 through 17 days of age with the highest inci- 
dence occurring on day 13. Post-shock latency declined 
steadily from approximately 70 sec on day | to approx- 
imately 25 sec on day 17. During the period of peak occur- 
rence it was highly predictable that the behavior, if it oc- 
curred at all, would appear 25-32 sec after the ECS. Further, 
there was a decline in the intensity of the electroshock 
stimulus required to evoke FW. On the first three days of 
testing the behavior was elicited only by the highest stimulus 
intensities (S00 and 250 mA). On day 7 the intensity of the 
most effective stimulus dropped abruptly and temporarily to 
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FIG. 1. Ontongenetic changes in elicitation of wet-dog shakes 
(WDS) and face wash grooming movements (FW) by electroconvul- 
sive shock (ECS) in preweaning rats. Neither WDS nor FW were 
evoked by ECS in 30- or 60-day-old rats. The data shown here are 
for all rats tested at each age irrespective of the intensity of the ECS 
stimulus or the severity of the ECS-induced seizure response. The 
frequency of occurrence of WDS was maximal on days 8 through 13 
and was maximal for FW on days 12 through 17. Both WDS and FW 
appeared during postseizure depression; WDS typically followed 
clonic convulsions and FW typically followed tonic convulsions. 
The post-ECS latency of WDS and FW were strikingly similar, par- 
ticularly during the first postnatal week, and the developmental 
trends in latency were similar for both WDS and FW. During their 
periods of peak occurrence it was highly predictable that WDS 
would appear 30-33 sec post-ECS delivery and FW 25-32 sec post- 
ECS. The mean effective stimulus for eliciting WDS or FW was 
similar during the first week. Abruptly on day 7 there was a decrease 
in effective ECS intensity for both behaviors. Subsequently, WDS 
were elicited at lower stimulus intensities than were FW. 
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FIG. 2. Percent of preweaning rats that exhibited ECS-induced 
WDS or FW at selected ECS intensities. The effectiveness of a given 
ECS stimulus intensity in eliciting WDS was inversely related to the 
age of the rat; higher intensities were most effective in younger 
animals and lower intensities were most effective in older animals. 
Approximately 60 percent of rats tested on day 5 at 500 mA exhib- 
ited WDS. Subsequently, the 500 mA stimulus declined in effective- 
ness. The 100 mA stimulus was relatively ineffective during the first 
week. Approximately 60 percent of rats responded with WDS on 
day 9, and subsequently the 100 mA stimulus declined in effective- 
ness for eliciting WDS. The developmental pattern of WDS re- 
sponses following the 25 mA ECS stimulus was similar, i.e., it was 
relatively ineffective in the youngest animals, maximally effective 
during the second week, and then declined in effectiveness during 
the third week. The relationship between ECS intensity and FW 
occurrence was different than that for ECS intensity and WDS 
occurrence. As with WDS, the 500 mA stimulus was maximally 
effective in eliciting FW on day 5 and then subsequently declined in 
effectiveness. Unlike WDS, however, the 500 mA stimulus again 
became effective in eliciting FW during the second week. The 250 
mA stimulus was relatively ineffective in eliciting FW during the 
first week but was the most effective stimulus during the second 
week, when it was nearly two times more effective in eliciting FW 
than were either higher (500 mA) or lower (100 mA) stimulus inten- 
sities. 
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FIG. 3. Percent of preweaning rats that exhibited ECS-induced 
WDS or FW following seizures of different grades. WDS most fre- 
quently followed clonic seizures. However, in 8-day-old rats WDS 
were observed following tonic grade 4 seizures. The incidence of 
WDS following tonic grade 2 and 3 seizures declined steadily with 
increasing age. The occurrence of FW most often followed tonic 
grade 4 seizures, though the behavior was also observed following 
tonic grade 5, 2 and 3 seizures. Rarely, FW was observed following 
clonic seizures. See Methods for definitions of tonic seizure grades. 


100 mA. Subsequently, the 250 mA stimulus remained the 
maximally effective stimulus through day 17. On days 18 
through 20, stimulus intensities from 25 to 100 mA evoked 
FW. No FW were observed in rats electroshocked at 30 and 
60 days of age. The 250 mA shock was not used on days 18, 
19, 20 and 30 and the 500 mA stimulus was not used after day 
15. 

On days 3 and 5 approximately one-third of rats that ex- 
hibited WDS also showed FW. These occurred after tonic 
seizures and FW tended to preceed WDS. After the first 
week shocked rats either did not show these behaviors or 
they exhibited one or the other; both WDS and FW were not 
simultaneously observed in one rat. There was a strong simi- 
larity in the post-shock latencies of the responses, particu- 
larly during the first two weeks of postnatal development. 
The maximally effective stimulus was consistently higher for 
FW than for WDS. For both behaviors there was a drop in 
the intensity of the effective stimulus at approximately 8 or 9 
days of age, but the mean value for FW remained above that 
for WDS. For both behaviors there was a six day period of 
peak occurrence. Days 12 and 13 were within this peak 
period for both behaviors—the last two days for WDS and 
the first two days for FW. Neither behavior was evoked by 
ECS in 30 and 60 day old rats. 


Association of WDS and FW with ECS Intensities and 
Seizure Responses 


Considerable information is lost by collapsing occur- 
rences of behaviors across categories of shock intensity and 
seizure response as in Fig. 1. For example, Fig. 2 illustrates 
the occurrence of WDS and FW at selected stimulus inten- 
sities and Fig. 3 illustrates their occurrence following differ- 
ent grades of seizures. More detailed breakdown of the data 
are provided in Tables 1 and 2 for WDS and in Tables 3 and 4 


for FW. 
Grouping the occurrences of WDS under specific mA 
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stimulus intensities (Table 1) revealed that certain age-by- 
shock intensity conditions were particularly effective in 
eliciting WDS. For example, two-thirds of the 13-day-old 
rats that received a 25 mA shock stimulus exhibited WDS. 
Forty percent or more of the animals showed WDS at the 
following age-by-shock intensity combinations: day 5 at 500 
mA, day 8 at 250 mA, day 9 at 25 and 100 mA, day 10 at 25 
mA, day 11 at 25 mA, day 12 at 25 and 35 mA and day 13 at 
25 mA. The single highest incidence of occurrence was at 13 
days of age following 25 mA when 67% of the pups tested 
exhibited WDS. As an example of the abruptness of the ap- 
pearance and disappearance of WDS with development, the 
response to the 25 mA stimulus may be cited. Prior to day 8 
this stimulus was ineffective in eliciting WDS and on day 8 
only seven percent of pups tested exhibited WDS, whereas 
50% did so on day 9. On days 9 through 13 between 42 and 
67% of pups tested at this stimulus exhibited WDS, but on 
day 14 and later no more than eight percent did. 

Grouping the occurrences of WDS by seizure responses 
(Table 2) revealed that: (1) during the first postnatal week, 
WDS were usually preceded by a tonic seizure, and (2) after 
8 days of age WDS were almost exclusively associated with 
clonic seizures. On 8 through 13 days of age, approximately 
one-third to one-half of the rats showing clonic seizures also 
showed WDS. The maximum incidence of occurrence was 
on day 9 when about 60% of pups which exhibited a clonic 
seizure also exhibited WDS. 

When the occurrences of FW were grouped by stimulus 
intensities (Table 3) or by seizure responses (Table 4) two 
major points became evident. First, Table 3 indicates that 
the 500 mA shock was the most effective stimulus for elicit- 
ing FW on days 1, 3 and 5. After day 7 the 250 mA shock was 
the most effective. On days 12 through 17 one-half to more 
than three-quarters of the rats that received a 250 mA ECS 
showed FW. On days 9 and 11-15 the percent of rats show- 
ing FW following the 250 mA stimulus was twice that follow- 
ing 500 or 100 mA. The second major conclusion, to be 
drawn from Table 4, is that FW were predominantly associ- 
ated with tonic seizures, especially T4 or tonic grade 4 sei- 
zures. On days 8 and 12-18, one-half to more than three- 
quarters of the rats that exhibited a tonic grade 4 seizure also 
exhibited FW. 


Additional Behaviors Observed 


While WDS and FW were observed only in preweaning 
rats, several other behaviors were observed only in 30- and 
60-day-old animals. These included lacrimation and porphy- 
rin discharge from the eyes and salivation which occurred 
during postseizure depression following tonic seizures. Jaw 
clonus and licking were observed during postseizure de- 
pression only in preweaning rats. Jaw clonus and licking 
occurred alone, or in coordination with FW. In postweaning 
rats fasciculations of the facial muscles were observed dur- 
ing depressions following tonic seizures. Cataleptic-like 
states were most evident in late preweaning and postweaning 
rats following either tonic or clonic convulsions. Elevation of 
the tail was observed following responses ranging from sub- 
convulsive stuns to maximal seizures. The positions of the 
tail during tonic seizures included arched over the back in a 
Straub posture or straight out behind in line with the body 
axis. 


DISCUSSION 
The data demonstraie that WDS and FW may be elicited 
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TABLE 1 


OCCURRENCES OF WET-DOG SHAKES AS A FUNCTION OF ELECTROSHOCK STIMULUS INTENSITY 
DURING DEVELOPMENT 





Latency* 
(sec) 


Number 
Responding 


Age 
in Number 
Days Responding 


Latency? 
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*Percent (%) of rats that received indicated mA stimulus and exhibited a WDS. 


*Values given are mean+SE. 


reliably by ECS in preweaning rats. Three salient charac- 
teristics of these ECS-induced behaviors were: (1) their ap- 
pearance and disappearance during ontogeny, i.e., certain 
age-by-stimulus intensity conditions were optimal in evoking 
the behaviors in preweaning rats and neither behavior could 
be elicited by ECS in 30- and 60-day-old rats, (2) the behav- 
iors occurred with similar, regular and relatively long post- 
shock latencies and their temporal predictability was 
greatest during the periods of their peak occurrence, and (3) 


WDS typically followed clonic convulsions while FW typi- 
cally followed tonic seizures, i.e., the threshold for FW was 
higher than that for WDS. 

ECS testing of normal, developing rats is a whole animal 
measure of functional development of the entire nervous sys- 
tem. As such, ECS testing alone can provide little direct 
information about specific brain systems involved in WDS 
and FW. However, future ECS testing of developing rats in 
conjunction with specific neuropharmacologic and neuro- 
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TABLE 2 
OCCURRENCES OF WET-DOG SHAKES AS A FUNCTION OF SEIZURE RESPONSE DURING DEVELOPMENT* 





Latency 
(sec) 


Number 
Responding 


Seizure 
Grade 


Age in 
Days 


Latency 
(sec) 


Number 
Responding 


Seizure 
Grade 


Age in 
Days 





ae 


34 
33 


28 
30 + 


T2 32 
Cc : 29 


T4 
Cc 





*The total number of clonusing rats was considered equal to the number showing forelimb clonus. See Method 
section for description of the seizure grades. The percent (%) value is that percent of all rats that exhibited a given 
seizure grade and also exhibited a WDS. Latency values are mean+SE. 


physiologic manipulations may be useful in elucidating the 
neural mechanisms underlying WDS and FW and matura- 
tional factors responsible for the ontogenetic, latency and 
threshold characteristics described above. At present we can 
only speculate on which neurochemical systems and brain 
regions are involved in ECS-induced WDS and FW. There 
are several indications in the literature that peptidergic, 
cholinergic and monoaminergic systems and_ the 
periaqueductal gray and hippocampal regions may all play a 
role (vide infra). 


WDS and Seizures 


The current study is the first to describe WDS occurrence 
after ECS-induced behavioral convulsions. However, there 
are several previous reports that WDS are seen during or 
immediately following electrographic seizure activity. These 
include seizures induced by: kindling of the amygdala 
[101,112], electrical stimulation of the hippocampus [34, 88, 
99], cobalt implants into the neocortex [26], systemic admin- 
istration of kainic acid [45] or quipazine [56], and intracere- 
broventricular infusion of steroid sulfates [77,78], sodium 
sulfate, EGTA (ethyleneglycol-bis(beta-aminoethylether)- 
N,N’-tetraacetic acid) [77], morphine sulfate [44, 54, 77], 


B-lipotropin [54], B-endorphin [14,54], D-ala?-met-enkepha- 
linamide [54,104], leu-enkephalin [44], or met-enkephalin 
[43, 44, 107]. 


Possible Role of Developing Peptidergic Systems 


WDS were first described by Wikler ef al. [123] in rats 
during withdrawal from morphine dependence. Considerable 
use has been made of WDS as a measure of opiate depend- 
ence [12, 20, 23, 83, 86, 90, 118, 128], the addictiveness of 
opiate-like compounds [22, 87, 126, 127] and the effective- 
ness of pharmacologic manipulations in modifying with- 
drawal from opiate dependence [7, 25, 29, 55, 65, 66, 110, 
110]. Also, excessive grooming has been reported following 
either morphine withdrawal in dependent rats [1, 25, 30, 87, 
90] or morphine administration to opiate-naive rats [5, 38, 48, 
97]. 

Several of the endogenous opioid peptides induced WDS 
when administered intracerebroventricularly to opiate-naive 
rats. These compounds included D-ala?-met-enkaphalin- 
amide, leu- or met-enkephalin, 8-endorphin and £-lipotro- 
pin (3, 14, 15, 18, 44, 52, 54, 58, 70, 85, 93, 95, 104, 107, 122]. 
Ferrari et al. [37] first reported that intracerebroventricular 
administration of ACTH or MSH induced excessive groom- 
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TABLE 3 


FACE WASHING OCCURRENCES AS A FUNCTION OF ELECTROSHOCK STIMULUS 
DURING DEVELOPMENT 





Number 
Responding 


Latency* 
(sec) 


Age 
in Number 
Days Responding 


Latency? 
(sec) 





13 


21 
35 : 22 


25 10 





*Percent (%) of rats that received indicated mA stimulus and exhibited face washing movements. 


*Values given are mean+SE. 


ing. Subsequently, ACTH-induced excessive grooming has 
been extensively studied (see [47] for review). The endoge- 
nous opioid peptides which have most frequently been asso- 
ciated WDS and ACTH and MSH with excessive grooming. 
However, there are several reports of overlap in the actions 
of these related compounds. For example, 6-endorphin was 
reported to be ten times more potent than ACTH,_.,, the 
most frequently studied ACTH fragment, in the induction of 
excessive grooming [16]. Conversely, infusion of ACTH or 
MSH into the periaqueductal gray (PAG) region resulted in 
WDS [68,69]. 

It is likely that ECS-induced activation of the dual 
B-endorphin—ACTH system accounts, at least partially, for 
our observations of WDS and FW during postseizure de- 
pression. Our observations that WDS were primarily asso- 
ciated with clonic seizures and that FW were primarily as- 


sociated with tonic seizures may indicate preferential ex- 
pression of certain opioid- and ACTH-related behaviors fol- 
lowing either tonic or clonic seizures. Differential activation 
of additional neurotransmitter systems by tonic or clonic sei- 
zures may modulate the expression of opioid- and ACTH- 
mediated behaviors during postseizure depression. 

ECS has been shown to release opioid peptides and these 
opioids and related systems are thought to control postictal 
behaviors [8, 9, 42, 51, 57, 63, 64, 74, 84, 94, 103]. Belenky 
and Holaday [8] reported that naloxone modified heart rate 
and blood pressure following ECS in adult rats, and con- 
cluded that blockade of endogenous opioid receptors 
mediated these effects. They observed maximal effects of 
naloxone 25-30 sec after ECS, a time which corresponds 
closely to our observed post-ECS latencies for WDS and 
FW. The reasons for the apparent 25-30 sec delay in peptide 
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TABLE 4 
FACE WASHING OCCURRENCES AS A FUNCTION OF SEIZURE RESPONSE DURING DEVELOPMENT* 





Latency 
(sec) 


Number 
Responding 


Seizure 
Grade 


Age in 
Days 


Latency 
(sec) 


Number 
Responding 


Seizure 
Grade 


Age in 
Days 





I+ I+ I+ I+ I+ I+ 


I+ I+ I+ 


— 
_ 
a 


It I+ I+ 


13 


I+ I+ I+ 


It It I+ 


I+ I+ I+ 


I+ I+ I+ 


36 
38 





*The total number of clonusing rats was considered equal to the number showing forelimb clonus. See Methods 
for description of the seizure grades. The percent (%) value is that percent of rats that exhibited a given seizure grade 
and also exhibited face washing. Latency values are mean+SE. 


release or effectiveness are not clear but may be related to 
transport, enzymatic cleavage or the actions of competing 
neuronal systems. 

The only previous report of consistent posttreatment or 
postseizure latency for WDS is the recent study of Squillace 
et al. [101]. In their study of amygdala kindling of adult rats 
they observed WDS at 83+2 sec after amygdala stimulation. 
This latency for WDS is longer than we observed, even in our 
youngest animals. Duration of amygdala afterdischarge did 
not affect the post-stimulation latency of WDS. In our study 
and the report of Squillace et al. [101] latency of WDS was 
strongly related to the onset of the epileptogenic electrical 
stimulus and weakly related to the duration of ictal and 
postictal events. 

Catalepsy and Straub tail postures are widely recognized 
signs of the actions of opiates. We observed catalepsy and 
Straub-like postures of the tail in pre- and postweaning rats 
following ECS at intensities that elicited responses from 
subconvulsive stuns to maximal seizures. Our observations 


of Straub tail postures following subconvulsive electroshock 
stimulations suggest that seizures may not be essential for 
opioid release. Subconvulsive electroshock-induced opioid 
release may result from one or more of the following: (1) 
direct electrical action on presynaptic terminals [75], (2) 
stimulation of the midbrain central gray [82] or, (3) release of 
opioid peptides in response to electroshock as a generalized 
stressor [73]. 


Possible Role of Developing Cholinergic and 
Monoaminergic Systems 


The ontogenesis of pharmacologic elicitation of two be- 
haviors related to WDS, tremors and head shaking, have 
been described and their ages of maximally effective phar- 
macologic elicitation were remarkably similar to elicitation 
of WDS by ECS. 

Henderson and Woolley [53] studied the ontogeny of 
pharmacologic elicitation of tremors. Tremors first appeared 
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at 6-8 days of age following administration of DDT (1, 1, 
1-trichloro-2,2-bis(p-chlorophenyl)ethane) and veratramine, 
at 9 days following administration of tremorine and oxo- 
tremorine, and at 13 days after harmine and harmaline. The 
age of first appearance of drug-induced tremors was thought 
to correspond with the development of CNS areas serving as 
substrates for the tremorigenic action of the various chemi- 
cal agents, i.e., the spinal cord for DDT and veratramine, the 
midbrain for tremorine and oxotremorine, and higher centers 
for harmine and harmaline. Tremorine-induced tremors were 
most vigorous at 9 to 13 days of age, a period which corre- 
sponds closely with our observation of optimal elicitation of 
WDS by ECS on days 8 to 13. Further, the similarity in 
ontogenetic patterns may indicate involvement of midbrain 
structures in ECS-induced WDS. 

Holmgren and coworkers studied the ontogeny of spon- 
taneous and drug-induced headshaking in rats [59, 60, 61, 
62]. Amphetamine increased headshaking with a maximal 
effect at 9 days of age [61]. Amphetamine-induced head- 
shakes were potentiated by apomorphine [62], physos- 
tigimine [59,62] and pilocarpine [59], blocked by phenoxy- 
benzamine, chlorpromazine and haloperidol [62], and by 
pimozide and spiroperidol [60], and were not affected by 
propranolol [62]. Pilocarpine facilitation of amphetamine- 
induced headshakes was maximal at 7 to 11 days and mark- 
edly declined at 12 days, a developmental period which 
corresponds closely with our observation of maximal ap- 
pearance of ECS-induced WDS at 8 to 13 days of age. These 
latter studies confirm the role of developing cholinergic sys- 
tems in the ontogeny of WDS-like behaviors and suggest 
additional involvement of developing catecholaminergic sys- 
tems. 

Most events in neural ontogeny are relatively gradual and 
continuous. However, ECS testing at 7 days of age showed 
an abrupt and transient decrease in the stimulus intensities 
effective in eliciting WDS and FW. This discrete alteration 
may relate to the report of Cheronis et a/. [21] that functional 
development of the dopaminergic nigrostriatal projection oc- 
curs abruptly between 6 and 8 days of age in the rat. This 
system may be involved in the motor expression of WDS and 
FW behaviors. 

Dopaminergic systems have been implicated in WDS in- 
duced by morphine withdrawal [24, 30, 66, 80, 89]. In further 
support for a role of dopaminergic systems in WDS induced 
by morphine abstinence, withdrawal from chronic haloperi- 
dol administration led to a morphine-like abstinence syn- 
drome, including WDS, which was blocked by morphine 
administration [46,79]. Similarly, noradrenergic agonists 
have been found to decrease WDS during morphine with- 
drawal [7, 91, 105, 110, 111, 114). 

Manipulation of serotonergic systems has little or no ef- 
fect on WDS induced by morphine withdrawal [2, 29, 87, 
110]. However, pharmacologic-induced increase in 
serotonergic function in opiate-naive adult rats leads to WDS 
[6, 33, 39, 56]. The ontogeny of serotonergic-induced WDS 
has not been studied. 


Additional Neurochemical Systems and WDS 


The strongest relations of our data to past research on 
pharmacologic elicitation of WDS and similar behaviors are 
with studies of opiate-opioid, cholinergic and monoaminer- 
gic systems. However, the literature indicates that a wide 
variety of neuropharmacologic manipulations will induce 
WDS. For example, WDS have been elicited by administra- 
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tion of thyrotropin releasing hormone [17, 71, 72, 89, 102, 
120], as well as, glutamatergic [10, 11, 45, 67, 76, 81], 
GABAergic [32,36] and histaminergic [49] agents. Further, 
administration of cAMP (cyclic 3’,5'-adenosine monophos- 
phate)(27], drugs which increase brain levels of cAMP [28, 
40, 41] or calcium chelators [77] all resulted in WDS. A 
common feature of many of these studies is that the phar- 
macologic manipulations were epileptogenic. 


Possible Role of Developing Brain Regions 


ECS testing cannot, by itself, identify which brain regions 
participate in generation of WDS and FW. However, from 
examination of the literature we suggest that supraspinal 
areas, particularly the midbrain central gray and the hip- 
pocampal formation, may be involved in ECS-induced WDS 
and FW in preweaning rats. 

Yaksh et al. [125] injected naloxone into the spinal sub- 
arachnoid space of morphine-dependent, adult rats and ob- 
served some behaviors characteristic of the morphine with- 
drawal syndrome, but not WDS. This suggests a supraspinal 
locus of brain areas involved in generation of WDS, though 
spinal mechanisms may be involved in the final integration of 
the motor pattern. The spinal cord of rats is functionally 
mature at birth and is able to sustain adult-like tonic-clonic 
seizures when stimulated directly [108]. If spinal mech- 
anisms were primarily responsible for WDS (see also [50] 
cited in [35], then it would be expected that ECS-induced 
WDS would occur most frequently in the youngest rats, prior 
to maturation of supraspinal systems. However, we ob- 
served WDS most frequently during the second postnatal 
week, further suggesting a primary role for maturing sup- 
raspinal regions. 

The midbrain periaqueductal gray (PAG) is perhaps the 
brain region most strongly associated with WDS in previous 
studies. The PAG is known to be involved in neural re- 
sponses to exogenous or endogenous opioid compounds. In- 
fusion of the PAG with ACTH, MSH or TRH induced symp- 
toms of opiate withdrawl, including WDS, in opiate-naive 
rats [68, 69, 120]. However, WDS were not elicited by infu- 
sion of the PAG region with morphine, B-endorphin, met- 
enkephalin, 5-HT or histamine [43, 49, 68, 98]. 

In an extended search for brain areas involved in 
withdrawal-induced WDS, Wei concluded that the PAG re- 
gion was most sensitive to withdrawal precipitation by lo- 
calized intracerebral infusion of naloxone [116, 117, 119, 
121]. Relatedly, Wei demonstrated that transection of the 
adult rat brain approximately at mid-collicular level of the 
midbrain suppressed WDS induced by morphine withdrawal, 
ice-water or serotonergic agonists, while sections rostral to 
this area were ineffective [113,117]. Interestingly, Tseng er 
al. [106] in a similar study found that transection of the rat 
brain at the level of the anterior commissure markedly 
potentiated morphine withdrawal-induced WDS. This latter 
finding with adult animals was interpreted as indicating a 
tonic inhibitory influence of rostral forebrain mechanisms on 
WDS generation. The PAG region matures earlier than more 
rostral forebrain systems. The current report of WDS in 
preweaning rats may therefore indicate that forebrain inhibi- 
tion of functional midbrain systems is relatively immature. 
Further, the marked decline in the occurrence of WDS with 
the approach of weaning may reflect functional maturation of 
rostral inhibitory systems. 

The PAG region may also be involved in ECS-induced 
FW movements. Direct electrical stimulation of the midbrain 
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central gray elicited grooming at stimulus onset and groom- 
ing stopped abruptly with stimulus cessation [92]. Intrigu- 
ingly, Micco [92] reported that grooming movements elicited 
by direct electrical stimulation of the pontine tegmentum 
were fragmentary, most often consisting of FW movements 
and licking. 

The hippocampal formation is known to be prone to sei- 
zure activity and to undergo substantial postnatal develop- 
ment. There is considerable evidence for involvement of the 
hippocampal formation in WDS (see also [67]). For example, 
MacLean [88], Siegfried et al. [99], Dyer et al. [34] and 
Damiano and Connor [31] all reported WDS in opiate-naive 
adult rats following epileptogenic stimulation of the dorsal 
hippocampus. However, histamine infusion into the hippocam- 
pus did not affect WDS induced by morphine withdrawal in 
dependent rats [1]. 

Isaacson and Lanthorn [67] demonstrated that transection 
of the perforant pathway to the dentate gyrus or lesions of 
the CA3 region of the hippocampus abolished WDS induced 
by kainic acid. Functional integrity of the perforant or 
tempero-ammonic tract to the dentate gyrus, as well as the 
dentate gyrus mossy fiber projection to CA3 may be essen- 
tial to WDS induced by epileptogenic stimuli. The dentate 
gyrus in the rat develops largely postnatally. By two weeks 
of age the dentate gyrus and mossy fiber pathway are ending 
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a rapid growth phase and are approaching morphologic, his- 
tochemical and electrophysiologic maturity [13, 19, 100, 
129]. In light of Isaacson and Lanthorn’s data it is probably 
more than coincidental that we observed the most frequent 
occurrence of WDS during a period when the dentate gyrus 
and mossy fibers are becoming functionally mature. 


CONCLUSION 


We have demonstrated that ECS reliably elicits WDS and 
FW in preweaning rats. Thus, neuroscientists interested in 
the neural bases of these behaviors have another tool with 
which to approach their study. We have speculated on the 
neurochemical and neuromorphologic systems underlying 
our observations. Confirmation or refutation of these specu- 
lations awaits future research. It is noteworthy that essen- 
tially the entire literature on the neural bases of WDS is 
based on work with adult animals. Perhaps our report of 
WDS in pre- but not postweaning animals will encourage 
further study of WDS and FW behaviors in relation to the 
developing brain. 
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STEINMETZ, J. E., C. R. LUPICA, C. M. SECARD AND M. M. PATTERSON. Effects of manipulating stimulation 
intensity and duration on fixation of a peripherally-induced spinal reflex alteration in rats. PHYSIOL. BEHAV. 296) 
1039-1044, 1982.—Two studies were conducted to examine the effects of manipulating stimulation intensity and duration on 
post-spinal-section retention of a peripherally induced postural asymmetry. In the first experiment, two groups of rats 
received 1-3 mA of hindlimb stimulation for 60 or 90 min followed by a spinal cord section. Even though all animals 
demonstrated postsection persistence of asymmetry, significant differences between the two groups of animals were not 
discerned. Experiment 2 was conducted to more systematically evaluate intensity and duration manipulations. Twelve 
groups of rats that received 1, 3, or 5 mA of stimulation for either 30, 45, 60, or 90 min were used. Significant differences 
were found between intensity groups when presection asymmetry, postsection asymmetry, and percentage retention 
measures were analyzed. Significant differences between duration groups were found only when the 90 min groups were 
compared with animals that were given shorter periods of stimulation and when 60 min groups were compared to 30 min 
groups. From these data we have concluded that the intensity of the fixating stimulus is a major determinant of the 
magnitude of asymmetry persistence observed after spinal section. 
Hindlimb stimulation Stimulation parameters 


Spinal fixation Neural plasticity 


nipulations of RNA synthesis, protein synthesis, and other 


RESEARCH concerning a memory-like process in the spinal 
biochemical processes has received much attention [1, 4, 5]. 


reflex system was initially undertaken by DiGiorgio and as- 


sociates [2,3]. In these studies, lesions placed in the cerebel- 
lum of anesthetized or decerebrate dogs and rabbits were 
found to induce a postural asymmetry that typically involved 
flexion of one hindlimb with extension of the opposite 
hindlimb. More importantly, the lesion-induced postural al- 
teration survived a spinal cord transection if 1-2 hr were 
allowed to elapse between lesion placement and spinal sec- 
tion. This phenomenon of asymmetry persistence in the ab- 
sence of higher center influence has become known as “‘spi- 
nal fixation’’ and has generally been considered as a possible 
model for studying cellular processes involved in memory. 
For the most part, previous research has concentrated on 
biochemical aspects of the phenomenon. In particular, ma- 





See Patterson [6] for a review of literature concerning the 
spinal fixation phenomenon. 

More recently, we began a series of studies designed to 
more closely delineate neurophysiological aspects of spinal 
fixation [9]. These efforts include the development of a 
standard preparation for analyzing events underlying cere- 
bellar lesion-induced fixation as well as introducing direct 
stimulation as a method of inducing postsection retention of 
hindlimb asymmetry. 

The direct stimulation technique involves production of 
hindlimb flexion by electrical stimulation of the rat thigh 
skin. Using this preparation, consistent persistence of the 
stimulation induced asymmetry was obtained when at least 
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40 min of stimulation was delivered but not when shorter 
intervals (i.e., 20 min) were given. Results from previous 
studies [7, 8, 9] have demonstrated that: (a) Intact neural 
connections between spinal cord and hindlimb are necessary 
for obtaining the fixation effect. (b) Poststimulation persis- 
tence of flexion can be obtained in rats spinalized before 
stimulation. (c) Although higher brain structure input to the 
spinal cord during stimulation is not necessary for obtaining 
fixation, the brain apparently modulates the fixation process 
when present. (d) Fixation can be observed when relatively 
short periods of stimulation (i.e., 10 min) are delivered as 
long as 50 min are allowed between onset of stimulation and 
spinal cord section. (e) Poststimulation injections of local 
anesthesia at the site of stimulation fails to block postsection 
persistence of asymmetry (manuscript in preparation). Thus, 
observed asymmetry retention cannot be attributed to con- 
tinuous irritation arising from the previously stimulated tis- 
sue. 

Parametric data concerning temporal features of periph- 
erally induced spinal fixation show high correlations be- 
tween duration of stimulation and percentage of presection 
asymmetry retained after spinal section. Specifically, an in- 
crease in percentage of presection asymmetry retained is 
found as stimulation time increases. This is exemplified by a 
comparison of 40- and 45-min-stimulation animals. Although 
consistent retention was noted after 40 min of stimulation, 
the percentage of retention (M=47.5%) was somewhat 
smaller than that observed in animals allowed 45 min of 
stimulation (M=68.3%). From these data and results of other 
studies, we have hypothesized that delivering longer periods 
of stimulation than are necessary for consistent asymmetry 
retention may result in a greater degree of retention, with the 
additional time devoted to more effectively ‘‘consolidating”’ 
events responsible for determining the amount of asymmetry 
persistence. Thus, stimulation duration could be a major fac- 
tor in determining the relative degree of reflex alteration ap- 
parent after spinal cord section. Another important factor in 
determining the relative magnitude of reflex change may be 
intensity of the fixating stimulus. In previous peripheral 
stimulation studies, stimulation intensity has been main- 
tained in the range of 1-3 mA. However, a detailed analysis 
of postsection asymmetry persistence when constant stimu- 
lation intensity levels are utilized has not been undertaken. It 
seems likely that as stimulation intensity is increased, 
shorter fixation times as well as greater amounts of postsec- 
tion asymmetry would be obtained. 

The present studies were conducted to evaluate the rela- 
tive importance of duration and intensity of peripheral stimu- 
lation in producing postsection asymmetry persistence. In 
Experiment |, 1-3 mA of current delivered for 60 or 90 min 
was utilized to determine if lengthening the stimulation 
period would increase the magnitude of asymmetry recorded 
after spinal section. In Experiment 2, the effect of altering 
the intensity as well as duration of the fixating stimulus was 
examined. 


EXPERIMENT | 
METHOD 


Subjects 


Fourteen male Long-Evans hooded rats of both sexes 
were used. The rats weighed between 360 and 480 g, were 
maintained on light/dark cycles of 12:12 hr, and received 
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food and water ad lib. All experimental procedures were 
performed during the light portion of the light/dark cycle. 


Procedure 


Animals were first anesthetized with sodium pentobarbi- 
tal (Nembutal, 50 mg/kg, IP), taped ventral side down to a 
surgery board, and a laminectomy performed between the 
sixth and eighth thoracic vertebrae. Once exposed, the spi- 
nal cord was bathed with saline to prevent it from drying. A 
light surgical level of anesthesia was maintained throughout 
the experiment by administering additional doses of Nem- 
butal whenever animals reacted too strongly to a tail pinch. 
With the anterior two-thirds of the animal secured to the 
surgery board, the rats were then suspended by the tail. This 
horizontal position adequately restrained the animals yet al- 
lowed unobstructed movement of the hindlimbs. Rats were 
next randomly assigned to one of two groups that received 
either 60 or 90 min of hindlimb stimulation. Stimulation con- 
sisted of 7 msec pulses delivered at a rate of 100/sec through 
stainless steel wound clips placed on medial and lateral as- 
pects of the upper hindlimb. The stimulation intensity was 
constantly monitored and the voltage manually adjusted to 
maintain current between | and 3 mA. Stimulation main- 
tained in this intensity range produced strong flexion of the 
limb for the duration of the stimulation period. At the end of 
the stimulation interval, stimulation was terminated, and 
pre-spinal-section asymmetry assessed by suspending 
weights from the previously stimulated limb. The amount of 
weight necessary to bring the flexed hindlimb level with the 
non-stimulated limb served as the presection asymmetry 
measure. The previously exposed spinal cord was then tran- 
sected and 5 min were allowed for spinal shock to subside. A 


post-spinal-section asymmetry assessment was made by 
again suspending weights from the previously stimulated 
limb. Postsection asymmetry was recorded as zero if the 
limb failed to return to a flexed position when the weights 
were removed. Finally, to evaluate the effects of time on the 
fixated asymmetry, a second postsection asymmetry meas- 
ure was taken 2 hr subsequent to spinal cord section. 


RESULTS 


No significant differences were found in the amount of 
asymmetry present prior to spinal section for the 90 min 
(M=34.3 g) and 60 min (M=25.7 g) stimulation groups, 
t(12)=1.33, p>0.05. Likewise, significant differences were 
not apparent when postsection asymmetry measures, 
t(12)=1.20, p>0.05, or percentage of presection asymmetry 
retained after spinal section, #(12)=1.01, p>0.05, were 
analyzed. The mean amounts of postsection asymmetry and 
percentage retention recorded for the 90-min-stimulation 
group were 21.4 g and 64.1%, respectively, while the respec- 
tive postsection asymmetry and percentage retention meas- 
ures for the 60-min-stimulation group were 15.7 g and 57.7%. 
Every animal in both stimulation groups showed at least 50% 
of the presection flexion present after spinal cord transec- 
tion. Finally, a significant difference was not found when the 
2 hr postsection data was analyzed, t(12)=1.68, p>0.05. The 
mean amounts of 2 hr asymmetry measured were 11.4 and 
6.4 g for the 90- and 60-min-stimulation groups, respectively. 


EXPERIMENT 2 


Results from Experiment | showed that when stimulation 
intensity was allowed to range between | and 3 mA, increas- 
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ing the duration of stimulation failed to substantially increase 
the magnitude of observed postsection asymmetry. This 
finding suggests that an upper temporal limit exists beyond 
which additional periods of stimulation do not significantly 
contribute to reflex alteration processes. However, using a 
range of stimulation intensities during the fixation period 
may not allow for precise examination of stimulation dura- 
tion effects since intensity is not held constant. In Experi- 
ment 1, we noted that maintaining intensity near 3 mA was 
not difficult in the early stages of stimulation. However, as 
stimulation continued, adjustments of voltage to keep the 
intensity near the upper limit of our stimulation range be- 
came more frequent with the current often falling near the | 
mA level in the latter stages of stimulation. It is therefore 
possible that significant increases in magnitude of retention 
were not seen with 60 or 90 min of stimulation because the 
intensity level had dropped near the lower limit of our stimu- 
lation range. Experiment 2 was conducted to examine this 
possibility through a more systematic manipulation of stimu- 
lation intensity and duration. 


METHOD 
Subjects 


Eighty-four Long-Evans hooded rats of both sexes were 
used in this experiment. The rats weighed between 250 and 
510 g and were maintained in the same manner as described 
in Experiment 1. 


Procedure 


Rats were anesthetized and prepared for stimulation in 
the manner described in Experiment |. Next, the animals 
were randomly assigned to one of 12 groups (ns=7) that 
received either 30, 45, 60, or 90 min of 1, 3, or 5 mA stimula- 
tion. Stimulation consisting of 100 pps, 7 msec repetitive 
pulses, was delivered through a Grass CCU-1 constant cur- 
rent unit preset to the desired intensity level. The stimulation 
leads were attached to stainless steel wound clips placed on 
the lateral and medial aspects of the upper right hindlimb. At 
the end of the respective stimulation periods, the stimulation 
was terminated and pre-spinal-section asymmetry assessed 
by suspending weights from the previously stimulated limb. 
The exposed spinal cord was then transected, 5 min allowed 
for spinal shock to subside, and post-spinal-section asym- 
metry measured by again suspending weights from the flexed 
limb. If the previously stimulated limb failed to return to a 
flexed position after the weights were removed, the asym- 
metry was recorded as zero. 


RESULTS 


Three two-way analyses of variance followed by Tukey’s 
HSD tests on main effects were used to analyze presection 
asymmetry, postsection asymmetry, and percentage of 
presection asymmetry retained after the spinal cord was cut. 
Analysis of presection asymmetry values revealed signifi- 
cant intensity, F(2,72)=107.28, p<0.01, and duration, 
F(3,72)= 13.84, p<0.01, effects. Significant intensity differ- 
ences were found (p<0.01) when any two marginal means 
were compared. Significant duration effects were found 
when the 90 min groups were compared with the 60, 45, and 
30 min groups (p<0.01) and when the 60 min groups were 
compared to the 30 min groups (p<0.05). Analysis of 
postsection asymmetry measures also revealed significant 
intensity, F(2,72)=65.95, p<0.01, and duration, 
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FIG. 1. Mean presection asymmetries observed in rats given 1, 3, or 


5 mA of stimulation for either 30, 45, 60, or 90 min. (Vertical bars 
=SE.) 


TABLE | 
MEAN AMOUNTS OF PRE- AND POSTSECTION ASYMMETRY AND 
PERCENTAGE RETENTION OBSERVED IN RATS GIVEN |, 3, OR 5 
mA OF STIMULATION FOR 30, 45, 60, OR 90 MIN (EXPERIMENT 2) 





Stimulation groups Presection Postsection 
Intensity Duration Asymmetry Asymmetry 
(mA) (min) (g) (g) 


Percentage 
Retention 





0.0 0.0 
2.1 14.3 
2.9 21.4 
8.6 47.4 
15.7 54.2 
21.4 67.6 
23.6 66.5 
28.6 67.3 


a 72.4 
31.4 74.5 
42.9 77.6 


54.3 75.0 


l 
l 
l 
l 
3 
3 
3 
3 
5 
5 
5 
5 





F(3,72)=7.55, p<0.01, effects. Subsequent Tukey’s analysis 
of main effects showed significant differences (p<0.01) be- 
tween any two intensity levels and significant duration 
differences between the 90 and 45 min groups (p<0.01), be- 
tween the 90 and 30 min groups (p<0.01), and between the 60 
and 30 min groups (p<0.05). Analysis of percentage reten- 
tion scores revealed only a significant intensity effect, 
F(2,72)=38.61, p<0.01. Significant main effects were found 
(p <0.01) when the 5 mA condition was compared with the | 
mA condition and when the 3 mA condition was compared 
with the | mA condition. (See Table | and Figures 1, 2, and 3 
for summaries of presection, postsection, and percentage re- 
tention means.) 

Lastly, consistent retention, as defined by all members in 
a group demonstrating postsection persistence of flexion, 
was not evident in groups that received | mA of stimulation. 
Animals that received 30 min of 3 mA stimulation also failed 
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FIG. 2. Mean postsection asymmetries observed in rats after 1, 3, or 
5 mA of stimulation for either 30, 45, 60, or 90 min. (Vertical bars 
=SE.) 
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FIG. 3. Mean percentage of presection asymmetry present after 
spinal section in rats given 1, 3, or 5 mA of stimulation for either 30, 
45, 60, or 90 min. (Vertical bars=SE.) 


to show consistent retention. All other groups that received 
either 3 or 5 mA of stimulation demonstrated consistent re- 
tention. 


GENERAL DISCUSSION 


Findings of the present studies can be summarized as 
follows: (1) Stimulation times greater than that necessary for 
producing consistent retention of a peripherally induced 
postural alteration (i.e., greater than 40 min) failed to sub- 
stantially increase the magnitude of retention if the intensity 
of the fixating stimulus was allowed to range between | and 3 
mA. (2) Duration effects could be found, however, when 
stimulation intensity was held constant. Significantly greater 
amounts of pre- and postsection asymmetry were evident 
when the 90 min condition was compared with shorter dura- 
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tion conditions and when the 60 min condition was compared 
with the 30 min condition. (3) Stimulation intensity was a 
strong determinant of the amount of asymmetry present be- 
fore and after spinal cord section with significant differences 
in amounts of pre- and postsection asymmetry evident when 
any two intensity conditions were compared. 

Results from Experiment | were somewhat surprising in 
light of the large increase in percentage retention previously 
observed when duration of stimulation was increased from 
40 to 45 min [9]. The mean retention measures for the 40 and 
45 min groups were 47.5% and 68.3%, respectively, while 
respective values for the 60 and 90 min groups from the 
present study were 57.7% and 64.1%. Even though signifi- 
cant increases in the amount of flexion retained after spinal 
section were not observed, it is important to note that a 
certain amount of asymmetry was discernable in all animals 
subsequent to spinal transection. Lack of significant in- 
creases in postsection asymmetry retention can be 
adequately explained when methodological problems con- 
cerning the use of a range of intensities during stimulation 
are considered. Briefly, we encountered difficulties in man- 
ually maintaining (through voltage adjustments) stimulus in- 
tensity near the upper limit of our |-3 mA range. This was 
especially evident in Experiment | where the stimulation 
interval was extended to 60 or 90 min. Given these method- 
ological problems, it is likely that the 60 and 90 min animals 
received relatively low intensity stimulation (i.e., near 1 mA) 
in the latter stages of the fixation interval. This possibility 
suggests that intensity of stimulation is an important deter- 
minant of the magnitude of asymmetry present after spinal 
section. 

Whereas the relative importance of stimulation intensity 
in producing the fixation effect was only suggested in Exper- 
iment |, results from Experiment 2 directly demonstrate the 
major role played by stimulus intensity in determining the 
degree of reflex alteration that occurs during the stimulation 
period. Specifically, significant differences in amounts of 
presection asymmetry, postsection asymmetry, and per- 
centage retention measures were noted when data from Ex- 
periment 2 were analyzed. 

Data from previous studies [9] in which 1-3 mA of stimu- 
lation has been used, have consistently demonstrated a lack 
of significant differences between presection asymmetry 
values. Results from Experiment 2, however, revealed that 
significant presection differences could be observed when 
stimulus intensity levels were manipulated (see Fig. 1). Spe- 
cifically, amounts of presection asymmetry increased as the 
intensity of the fixating stimulus became greater. Analysis of 
postsection asymmetry values followed this same general 
pattern. Large, significant differences in postsection asym- 
metries were seen when intensity levels were compared. 
Similar to the presection measures, postsection asymmetry 
increased as a function of stimulus intensity (see Fig. 2). 
These results indicate that amounts of asymmetry supported 
by spinal reflex centers, either in the presence or absence of 
higher brain structure input, are significantly increased by 
raising the intensity level of the fixating stimulus. 

Analysis of percentage retention data from Experiment 2 
also revealed a significant intensity effect (see Fig. 3). Unlike 
the pre- and postsection asymmetry analyses, however, sig- 
nificant intensity main effects were restricted to comparisons 
between the 5 and | mA and the 3 and | mA groups. An 
explanation for the lack of percentage retention differences 
between the 3 and 5 mA groups can be found by considering 
the nature of the percentage score. The percentage score is 
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calculated by dividing an animal’s postsection measure by its 
presection measure. Using this calculation, the same or simi- 
lar retention scores can be obtained when the respective 
magnitudes of presection and postsection measures for two 
animals are significantly different. For example, if an 
animal’s presection measure is 20 g and its postsection 
measure is 10 g, a retention score of 50% is obtained. The 
same percentage score of 50% can be obtained when presec- 
tion asymmetry is 50 g and postsection asymmetry is 25 g. In 
this example, the magnitudes of the respective pairs of 
scores are very different but the calculated percentage re- 
tention scores are the same. Similar relationships between 
amounts of asymmetry and ratio of pre- to postsection meas- 
ures occurred in Experiment 2. When compared with the 3 
mA animals, the 5 mA animals were found to have signifi- 
cantly greater pre- and postsection asymmetries. Neverthe- 
less, the calculated ratios of presection to postsection 
asymmetries represented by the percentage scores were not 
significantly different for the two intensity groups. These 
observations indicate that although a difference in absolute 
amounts of pre- and postsection asymmetry exists between 
animals that receive 3 or 5 mA of stimulation, a relatively 
constant proportion of presection to postsection asymmetry 
is maintained. 

Analyses of the effects of stimulus druation on presection 
and postsection asymmetry measures resulted in similar find- 
ings (see Figs. | and 2). As compared to the three shorter 
duration groups, 90 min ‘of stimulation produced significantly 
greater amounts of presection asymmetry. The same result 
was found when the 60 min groups were compared to the 30 
min groups. Significantly greater amounts of postsection 
asymmetry were found when the 90 min groups were com- 
pared with the 45 and 30 min groups and when the 60 min 
groups were compared with the 30 min groups. It is apparent 
from these data that increasing the duration of stimulation 
does not substantially affect the magnitude of pre- or 
postsection asymmetry until a relatively long period (90 min) 
of stimulation is delivered. Analysis of percentage retention 
scores from Experiment 2 demonstrated no significant dura- 
tion effects. The lack of significant duration effects is most 
likely due to the similar percentage retention scores calcu- 
lated for each of the stimulation interval groups at the 3 and 5 
mA level (see above). Only the | mA animals showed dra- 
matic increases in percentage retention scores as stimulation 
time was increased. 

Examination of the number of rats in each group that 
demonstrated asymmetry persistence subsequent to spinal 
section also reveals the effects of manipulating intensity and 
duration of the fixating stimulus. All of the | mA groups as 
well as the 3 mA, 30 min group failed to show consistent 
postsection asymmetry retention. At the | mA level, the 
number of animals that displayed retention were 0, 2, 3, and 
5 for the 30, 45, 60, and 90 min duration groups, respectively. 
Six animals in the 3 mA, 30 min group showed some reten- 
tion. Consistent retention was observed in all other 3 mA 
groups as well as in all 5 mA animals. These data support 
earlier findings [9] where consistent retention was first re- 
ported after 40 min of 1-3 mA stimulation was delivered. In 
addition, the importance of stimulus intensity is again under- 
scored as consistent retention was evident only at the higher 
intensity levels (i.e., 3 or 5 mA). 

An evaluation of the relative importance of intensity and 
duration in producing the fixation effect can now be made. In 
previous studies, manipulating the stimulation period dura- 
tion produced dramatic effects on postsection asymmetry 
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persistence [8,9]. In these studies, 1-3 mA of stimulation was 
delivered for 20, 25, 30, 35, 40, or 45 min. As the stimulation 
duration was increased, postsection asymmetry retention in- 
creased in step-wise fashion. Even though consistent reten- 
tion was observed after 40 min in these studies, rather large 
increases in retention were evident when stimulation time 
was increased from 40 to 45 min. Data from animals given 60 
or 90 min of 1-3 mA stimulation (Experiment |), however, 
indicate that amounts of asymmetry retention do not in- 
crease as the stimulation period is lengthened beyond 45 
min. In fact, percentage retention scores for the 60 and 90 
min animals in the present study were slightly smaller than 
scores calculated for 45 min animals from previous studies. 
In general, data from animals given I-3 mA of stimulation 
suggest that the duration of stimulation is an important factor 
in determining the magnitude of postsection asymmetry 
when relatively short periods (i.e., 20 to 45 min) of stimula- 
tion are used. It seems likely that initial changes in spinal 
reflex activity occur during this period of stimulation. After 
40 min of stimulation, these reflex alterations are sufficient 
to support flexion in the absence of stimulation or higher 
brain center influence. Increasing stimulation time from 40 
min to 45 min produces a rather large increase in the mag- 
nitude of postsection flexion thus suggesting that further 
consolidation of reflex alteration occurs during this 5 min 
interval. Finally, increasing the stimulation period beyond 45 
min fails to substantially increase postsection retention. Ap- 
parently when intensity of the fixating stimulus ranges be- 
tween I-3 mA, 45 min of stimulation is all that is needed to 
maximize the fixation effect. 

Examination of the effects of stimulus duration under 
conditions of constant stimulus intensity is possible with 
data from Experiment 2. When low levels of stimulation 
were employed (i.e., | mA), increasing stimulus duration 
produced marked effects with postsection asymmetry in- 
creasing as a function of stimulation time. Conversely, in- 
creasing stimulus duration when either 3 or 5 mA of stimula- 
tion was delivered did little to augment postsection asym- 
metry measures. These results suggest that when intensity of 
the fixating stimulus is adequate to produce consistent re- 
tention (i.e., 3 or 5 mA), prolonging stimulation beyond that 
point necessary for obtaining consistent postsection reten- 
tion fails to induce additional amounts of retention. 

In summary, data from previous and present studies 
suggest that the duration of stimulation delivered generally 
affects the magnitude of postsection asymmetry retention 
only during the early phases of stimulation (i.e., 20 to 45 
min). It is during this early phase of stimulation that reflex 
alteration processes would be most active. Once the reflex 
alterations are sufficient to support limb flexion in the ab- 
sence of stimulation or higher brain center input, delivering 
additional periods of stimulation does little to increase the 
magnitude of postsection asymmetry retention. 

The intensity effect, on the other hand, appears to be 
extremely powerful in that large intensity effects were seen 
in presection, postsection, and percentage retention meas- 
ures. It is possible that increasing stimulus intensity results 
in the recruitment of an increasing number of spinal neural 
components which ultimately impinge on spinal motor- 
neurons responsible for maintaining flexion after the cessa- 
tion of stimulation. Under this hypothesis, lack of retention 
after low levels of stimulation are delivered is caused by a 
failure to recruit an adequate number of spinal neurons to 
induce the fixation effect. It is conceivable that fixation 
could be produced with extremely short periods of stimula- 
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tion as long as a sufficiently intense level of stimulation is 
delivered. However, it is possible that if stimulation intensity 
is too high, local damage to skin and muscle tissue could 
result. Hence, the influence of continuous peripheral input 
would confound analysis of real spinal reflex alterations. 
This problem would be overcome with poststimulation in- 
jections of local anesthesia at the site of stimulation. We 
have shown that such injections effectively block peripheral 
contributions to the fixation process (manuscript in prepara- 
tion). In this manner, the effects of delivering short periods 
of relatively intense stimulation on inducing reflex alteration 
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could be evaluated with potential ongoing peripheral input 
blocked by the local anesthesia. 

Finally, selecting an ideal group for future peripheral 
stimulation fixation studies is also made possible by data 
collected in Experiment 2. This group would be the 3 mA, 45 
min group which showed consistent retention with a rela- 
tively short period of stimulation. The 3 mA of stimulation 
delivered to this group was intense enough to produce fixa- 
tion within a reasonable period of time, yet not so intense as 
to induce peripheral tissue damage. 
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GOODMAN, I., J. ZACNY, A. OSMAN, A. AZZARO AND C. DONOVAN. Lesion-produced telencephalic catechola- 
mine imbalances and altered operant pecking rates in pigeons. PHYSIOL. BEHAV. 296) 1045-1050, 1982.—Pigeons with 
bilateral neurotoxic or electrolytic lesions within ventral mesencephalon, in nucleus tegmenti pedunculo pontinus (TP) 
(equivalent to substantia nigra) or area ventralis of Tsai (AVT), were found to have catecholamine (CA) depletion in the 
telencephalon, including the paleostriatum augmentatum (PA) and lobus parolfactorius (LPO), avian basal ganglia rich in 
CA. Joint telencephalic concentrations of dopamine (DA) and norepinephrine (NE) within individuals were found to vary 
with sustained fixed interval (FI) pecking rate increases or decreases following surgery. Low (below 75% of controls) 
DA/normal NE concentrations were found in individuals showing a marked reduction in their key pecking rates; low 
DA/low NE concentrations were found in individuals showing a marked increase in their pecking rates. The fit of these data 
with the NE-DA interaction hypothesis of Antelman and Caggiula [2] was acknowledged but the nature of that interaction 


remains to be clarified. 
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STRIATAL destruction causes a significant reduction in 
fixed interval (FI) key pecking in pigeons [26]. Specifically, 
two paleostriatal complex (PC) components, paleostriatum 
augmentatum (PA) and lobus parolfactorius (LPO), areas 
considered to be equivalent to the mammalian caudate- 
putamen and nucleus accumbens [16,21], have been directly 
implicated. Destruction of other telencephalic areas which 
project to PC (e.g., lateral neostriatum and the temporal- 
parietal-occipital area) [6] appears to have little effect on this 
behavior. However, no information is yet available regarding 
the operant behavioral consequences of the destruction of 
sub-telencephalic projections to PC. 

High concentrations of dopamine (DA) and norepineph- 
rine (NE) have been measured in PC [5,13] and ventral mes- 
encephalon [5] with ascending connecting pathways iden- 
tified by fluorescence histochemistry [5] and autoradiog- 
raphy [15]. The tegmental origins of the CA neurons are 
within the nucleus tegmenti pedunculo pontinus (TP), 
equivalent to the mammalian substantia nigra [23], and the 
area ventralis of Tsai (A VT) with a more caudal source in the 
locus ceruleus (LoC) [15]. 

Catecholaminergic brain mechanisms of FI key pecking in 
pigeons is suggested not only by the destruction of CA-rich 
brain areas but also with the use of drugs. Systemic injec- 
tions of an indirect DA and NE receptor stimulating agent, 
amphetamine [21,22] or a direct DA receptor stimulant, 





apomorphine [1,10] were noted to enhance FI key pecking 
[12]. 

The present study attempted to investigate the effects on 
FI responding of the destruction of sub-telencephalic CA 
projections which have major input into PC, but also termi- 
nate in other telencephalic areas. 


METHOD 


Animals 


Adult male and female White Carneaux and homing pi- 
geons (Columba livia), commercially raised (Palmetto Pi- 
geon Plant) and ranging in weight from 450-750 g were used. 
They were individually caged and maintained at 80% (+10 g) 
of their free feeding weight. They were kept on a 12 hr on/off 
light cycle, beginning at 8 a.m. 


Apparatus 


A standard operant chamber was used for behavioral test- 
ing. Located on the front wall of the chamber, behind a 5x5 
cm opening, was a food magazine operated grain hopper, 
which was used for reinforcement delivery. A transillumi- 
nated, 1.5 cm dia. pecking key was located just above the 
food hopper. A dim houselight illuminated the chamber at all 
times during the test session. The reinforcement schedule 


‘Portions of this study were reported at the 10th Annual Meeting of the Society for Neuroscience, Cincinnati, OH, 1980. 
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was programmed with electromechanical modular devices. 
Key pecking was recorded by counters and a cumulative 
recorder. White noise within the chamber was used to mask 
extraneous sounds. 


Surgery 

All surgically treated animals were anesthetized with in- 
haled ether. Experimental animals were bilaterally lesioned 
by either electrolysis (2 mA anodal current for 15 sec passed 
through a 0.3 mm dia stainless steel wire, insulated except 
for a 0.5 mm tip) or a neurotoxic agent, 6-hydroxydopamine 
hydrobromide (Sigma) (6-OHDA, 8 yg of the salt dissolved 
in 2 wl of 0.9% saline solution with the added anti-oxidant 
ascorbic acid (0.1% wt/vol), altogether delivered over a 4 min 
period through a 10 wl syringe) in the ventral midbrain to TP 
or just rostral to it in AVT. The stereotaxic coordinates, 
based upon the pigeon brain atlas of Karten and Hodos [14], 
were anterior 3.25—4.25, lateral 1.0-2.0 and ventral 5.0 mm. 
Placement of lesions was aided by the use of the Kopf 
stereotaxic apparatus (adapted for the pigeon). 

Of the randomly assigned animals, one group (n=4) re- 
ceived electrolytic lesions, a second group (n=4) received 
6-OHDA lesions, a third group (n=6) received 6-OHDA le- 
sions preceded by an intraperitoneal injection of 15 mg/kg of 
desipramine hydrochloride (Merrell-National Lab) (DMI) to 
protect against destruction of noradrenergic neurons. A 
fourth group (n=2) (controls) had 2 wl of saline solution in- 
jected at TP coordinates. 


Behavioral Training and Testing 


Weight reduced animals were shaped to key peck for food 
reinforcement and were initially run on a continuous rein- 
forcement schedule. They were shifted to an FI schedule 
with the interval gradually increased to 2 min (FI-2 min) 
schedule. Stable responding on this schedule was defined as 
no more than 15% of the key pecks occurring in the first 30 
sec segment of the 2 min interval and the delivery of 14 
reinforcements over the 30 min session. When these criteria 
were met over five consecutive daily sessions, surgery was 
performed. On the day following surgery, animals began a 31 
consecutive day test period with the sessions scheduled at 
the same time daily. 


Catecholamine Assays 


Pigeons were decapitated and their brains quickly re- 
moved. The telencephalon was dissected away trom underly- 
ing diencephalon, weighed and placed in ice cold physiolog- 
ical saline. Brain tissue was homogenized in 10 ml of ice cold 
perchloric acid, containing 0.04% ascorbic acid and 0.03% 
EDTA. Tissue homogenates were centrifuged at 10,000xg 
for 15 min (4°C). The supernatants were saved and each of 
the pellets suspended in an additional 5 ml of ice cold 0.4 N 
perchloric acid. Following a second centrifugation, the su- 
pernatants were combined and stored at —70°C, until assays 
were performed. On the day of assay, brain extracts were 
thawed at room temperature and NE and DA were isolated 
by cation-exchange chromatography, according to the 
method ot Bertler et al. [4]. Briefly, the thawed brain ex- 
tracts were adjusted to pH=6.5 and passed over a 605 mm 
Dowex 50W, X-4 (200-400 mesh) cation-exchange column 
that was prepared in Na* form. Following extensive wash- 
ings, NE and DA were sequentially eluted in 1 N and 2 N 
HCl, respectively. An aliquot of the appropriate eluate was 
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FIG. 1. Composite unilateral schematic representation (on right side 
with cross-hatching) of bilateral ventral brain stem lesions, approx- 
imated to four coronal section levels (see text): (1) TP field and FRL;: 
(2) FRM and R; (3) AVT and (4) SCE. Abbreviations: AVT=Area 
ventralis of Tsai; Cb=Cerebellum; E=Nuc. ectomamillaris; 
FRL=Lat. reticular formation; FRM=Med. reticular formation; 
NC=Neostriatum caudale; In=Infundibulum; R=Nuc. ruber; 
SCE=Stratum cellulare ext.; TP=Nuc. tegmenti pedunculo pon- 
tinus. 


assayed for NE or DA by spectrophotofluorometric analysis, 
using an Amico-Bowman Spectrophotofluorometer. The 
method of Bertler et a/. [4] was used to assay NE while the 
method of Anton and Sayre [3] was used to assay for DA. All 
values were normalized to respective tissue weights. 


Histology 


Brain stems of selected decapitated animals were rinsed 
in physiological saline and allowed to soak in formol-saline 
for at least 2 weeks. The brains were embedded with 





FI PECKING AND PIGEON BRAIN CA 


TABLE | 
FI-2 MIN KEY PECKING AND TELENCEPHALIC CA IN PIGEONS 





Percent of Lesion 
Controls Site* 


CA Concentra- 
tions (ug/g) 


Key Pecking in Last 
Postoperative Block 


Daily Rate % Preoperative 


Pigeons (S.E.) Rate NE DA NE DA 





NE Low/DA Low Group 
1883 429.8 (36.2) 0.063 0.427 35 FRM 
2126 1090.4 (91.7) 0.071 0.425 FRM, R 
FBI 587.0 (37.8) 0.126 0.611 SCE 
5446 892.0 (46.9) 0.096 0.427 AVT (D) 
Means 749.8 0.089 0.473 

NE Normal/DA Low Group 
5379 606.0 (56.3) 

5599 566.2 (46.8) 
111 0.0 (0) 
9299 176.0 (23.4) 
2403 174.0 (15.3) 
2032 0.0 (0) 
Means 253.7 31. 

NE Low/DA Normal Group 
5557 931.2 (98.9) 241 
1578 141.0 (27.8) 41 
Means 536.1 141 

Control Group 
4983 1348.4 (117.5) 105 
2789 664.6 (34.1) 139 
Means 1006.5 122.0 


0.600 TP, FRL 
0.640 AVT (D) 
0.558 (D) 

0.148 0.555 TP, FRL (D) 
0.149 0.504 ; _ (D) 

0.231 0.448 : _ (D) 

0.173 0.551 


0.202 
0.177 
0.135 


0.755 
0.805 
0.780 


0.088 
0.032 
0.060 


0.173 1.104 98 123 
0.183 0.690 101 77 
0.178 0.897 100 100 





*See brain structure abbreviations in Fig. 1 caption. (D)=DMI pretreatment. 


albumin-gelatin and cut on the freezing microtome into 40 
fm sections. The sections were stained with cresyl violet 
and inspected for tissue damage under the light microscope. 


RESULTS 
Histological Results 


Of the 12 brain lesioned animals, eight brain stems were 
histologically processed and examined. In general, elec- 
trolytic lesions produced tissue damage of about a | mm dia. 
at the electrode tip with some gliosis produced along the 
extent of the electrode shaft. Chemical lesions also produced 
gliosis along the cannula shaft but with less gross tissue de- 
struction at the furthest point of penetration. The areas of 
lesion locations are indicated in Fig. 1. Lesions in two 
animals (9299, 5379) were noted within the TP field and 
slightly lateral within the lateral reticular formation. In three 
brains (5557, 2126, 1883) lesions were found slightly rostral 
and medial within the medial reticular formation, near or 
possibly involving the nucleus ruber. Lesions in two other 
cases (5446, 5599) involved the more ventral and rostral lying 
AVT. One lesion (FBI) was found even more rostrally, 
within the stratum cellulare externum. 


Catecholamine Content 


Mean concentrations of telencephalic DA and NE meas- 
ured in control animals were close to values reported in the 
same species by Juorio and Vogt [13] (see Table 1). Ventral 


brain stem lesions caused DA and NE depletion, except 
when chemical lesions were preceded by DMI. Of the latter 
treatment group, all but two animals were found to have a 
DA depletion of greater than and a NE depletion of less than 
25% of control levels. One exception (5446) showed a 46% 
reduction in NE and a second, more surprising, case (1578) 
showed an 82% NE depletion with relatively little change in 
DA concentration. Unfortunately, histological identification 
of the brain lesion sites for this animal were unavailable, due 
to tissue loss. 


Behavioral Results 


Behavioral data from animals with unavailable CA meas- 
urements and from all animals on post-lesion day | (because 
of behavioral depression and variability) were not included 
in this report. The reported key pecking data were separated 
into five-day blocks with daily pecking rate changes for in- 
dividual animals plotted over a 30 day or six block post- 
surgical period. Because of the tendency for all surgically 
treated animals to exhibit an initial decrease in FI key peck- 
ing, most block | scores were less than 100% of presurgical 
block daily rates. However, by the end of block 2 pecking 
rates assumed a position relative to presurgical performance 
(above or below) that was maintained through subsequent 
testing. Therefore for the purpose of analyzing FI pecking 
change, the presurgical block performance was compared to 
that of block 6. 
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Using this comparison, allowed several strategies for the 
analysis of ventral midbrain intervention effects on FI re- 
sponding. One way was to determine among lesioned sub- 
jects the consistency of behavioral change effects, i.e., how 
many lesioned animals either increased or decreased key 
pecking following surgery? The answer was that of the 12 
lesioned animals five (42%) increased and seven (58%) de- 
creased FI pecking with no consistent differentiation of brain 
lesion locations producing increases or decreases noted (see 
Table 1). A second way was to determine key pecking 
changes among DA depleted (greater than 25% of controls) 
animals. This revealed that of 10 such animals four (40%) 
increased and six (60%) decreased. Neither of these two find- 
ings suggested a significant relationship between brain inter- 
vention and FI key pecking behavior. However, a third 
strategy looked at the interaction of DA and NE as a possible 
correlate of behavior, based on the hypothesis of Antelman 
and Caggiula [2]. This proved to be consequential and thus 
the subsequently reported results are organized around this 
strategy. 

Animal key pecking data is organized according to meas- 
ured NE and DA concentrations within the telencephalon 
(less than 75% of control values designated as low and above 
as normal concentrations) (see Fig. 2 and Table 1). Control 
animals remained near their preoperative pecking rates, both 
showing a slight increase. All six animals showing normal 
NE concentrations but low DA concentrations displayed a 
marked reduction in FI key pecking, averaging less than a 
third of their preoperative rate. An example of one such 
animal’s (No. 9299) pre- and postoperative cumulative re- 
sponse record is shown in Fig. 3A. In contrast to this group, 
all four animals found with low DA and NE concentrations 
exhibited a marked increase in key pecking, averaging well 
over twice the preoperative rate. The cumulative record 
from a pre- and postoperative session for one member (No. 
5446) of this group is shown in Fig. 3B. In a fourth group 
composed of two members whose DA levels were normal 
but whose NE levels were low, an inconsistent behavioral 
change occurred; one increased and the other decreased key 
pecking. 

Observations of gross behavior among subjects within le- 
sion groups revealed no apparent change: specifically, 
animals did not show early or late postsurgical signs of be- 
havioral depression or somnolence nor signs of defensive- 
ness reported in PA and LPO lesioned pigeons, respectively 
[23]. 


DISCUSSION 


The present study confirms that neural pathways originat- 
ing in and/or passing through TP and AVT in pigeon brain 
are, at least in part, catecholaminergic, made up of intermix- 
ing but differentiatable dopaminergic and noradrenergic 
neural elements that terminate in the telencephalon. When 
these ventral mesencephalic areas were destroyed, telence- 
phalic DA and NE concentrations were reduced, except 
when lesions were preceded by DMI, in which case NE 
tended to be protected. The avian homologues of the mam- 
malian caudate-putamen and nucleus accumbens, PA and 
LPO, were not separately measured for CA contents in this 
study. However, previous reports of relatively high concen- 
trations of DA and NE in PC [5,13] and in ventral mesen- 
cephalon [5] and of substantial connecting fibers between 
these two neuroaxial levels [15] strongly suggest that the 
impact of these lesions on PC was more severe than the 
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FIG. 2. Thirty day (6 blocks) postsurgical daily key pecking rates on 
an FI-2 min schedule for individual animals, graphed according to 
normal or low levels of NE and DA: (A) NE low/DA low group; (B) 
NE normal/DA low group; and (C) NE normal/DA normal (con- 
trols). 
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FIG. 3. Cumulative key pecking response records from a pre- and 
post-surgical test session (A) from a member of the normal NE/low 
DA group and (B) from a member of the low NE/low DA group. 
Diagonal graph lines indicate food reinforcement delivery and slope 
reflects response rate. Horizontal calibration bar represents 10 min 
and vertical calibration bar represents 125 key pecks. 


values reported for the entire telencephalon in this study 
would indicate. 

Verified neurochemical effects of brain stem lesions on 
the telencephalon were found to be the most convincing 
covariant of behavioral outcome. Neither brain stem lesion 
location, DA depletion nor NE depletion alone was consis- 
tent with the direction of FI key pecking changes. However, 
when the concentrations of NE and DA were jointly consid- 
ered for each individual, behavioral outcomes were consis- 
tent. This finding supports the NE-DA interaction hypoth- 
esis of Antelman and Caggiula [2], which also emphasizes 
the importance of behaving under stressful or arousing con- 
ditions in achieving this biochemical correlation with behav- 
ior. In the present study, limited space and food deprivation 
might be considered as those stressful conditions. 

An obvious question arises regarding the nature of the 
NE-DA interaction and behavior. One interpretation might 
be that there exists a sort of counterbalancing of brain DA 
excitatory effect against a NE inhibitory effect on behavior. 
This view is supported by the reported increase in behavior 
with pharmacologic treatments: FI key pecking with 
apomorphine in pigeons [12]; stereotyping [9], motor activity 
[7], aggression [18], and self-stimulation [9] in rats with a NE 
depleting agent, a dopamine-8-hydroxylase inhibitor. 
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Likewise, in the present study animals with low DA and 
normal NE brain concentrations showed markedly de- 
creased FI key pecking rates. However, this interpretation 
of the NE-DA interaction does not fit with the finding, also 
from this study, of markedly increased FI key pecking in low 
DA/low NE animals, given the approximately proportionally 
equal depletions of NE and DA found in these animals; one 
would predict no change in FI pecking rates in these animals, 
according to this interpretation. A third CA outcome group 
in this study, which could have provided more evidence re- 
garding the nature of the NE-DA interaction, was available 
but failed to provide clarifying evidence. Of the two normal 
DA/low NE animals, one displayed increased and the other 
decreased key pecking. According to the view that DA 
facilitates and NE inhibits such behavior, these animals 
would be expected to show behavioral increases. A study, 
attempting to produce more of such brain-CA animals, is 
needed and is currently in progress in our laboratory. Yet 
another interpretation of the nature of the NE-DA interac- 
tion in relation to behavioral change suggests that NE nor- 
mally facilitates DA neuronal activity rather than inhibits it 
[19, 20, 22]. At this time, the nature of the NE-DA interac- 
tion in relation to FI key pecking, specifically, and behavior, 
in general, remains to be clarified. 

Feeding disturbance in bilaterally lesioned animals fol- 
lowing surgery was slight. This slight reduction of food in- 
take was noted in a few animals and lasted for 1-3 days. This 
was not correlated with eventual key pecking increases or 
decreases. Therefore, feeding impairment is a highly unlikely 
explanation for the reported behavioral changes. 

The absence in this study of behavioral depression or 
somnolence, a condition reportedly associated with nigro- 
striatal destruction in mammals [17], PA destruction in pi- 
geons [26], and possibly lesions of a dien-telencephalic pro- 
jection in doves [27] was surprising. The tegmentopaleo- 
striatal pathway from TP to PC has been viewed as equiv- 
alent to the nigrostriatal pathway [11] and sensorimotor in- 
hibition was expected. Future study will require more sys- 
tematic and sensitive test procedures [17] in order to assess 
this possible deficit in such lesioned birds. 

The present study found that TP/AVT lesioned birds 
showed sustained increases or decreases in FI pecking, de- 
pending upon resulting NE-DA concentrations. These ef- 
fects stand in contrast to findings in PC lesioned pigeons, 
which showed only FI key pecking decreases that tended to 
return to baseline performance by 10-21 days postlesion 
[26]. Due to the absence of CA measurements in the latter 
study, CA comparisons cannot be made. Other, perhaps 
obvious, differences should be pointed out. Electrolytic PC 
lesions destroyed subtelencephalic DA and NE (and 5-HT) 
inputs to PC, telencephalic inputs to PC and PC intrinsic and 
efferent neurons, whereas electrolytic and neurochemical 
TP/AVT lesions caused little or no structural damage to tel- 
encephalic inputs to PC or intrinsic and efferent PC neurons, 
although these neurons were possibly modified physiolog- 
ically. The absence of consistent behavioral and biochemical 
outcomes associated with brain stem lesion sites in the pres- 
ent study is puzzling. 
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COE, C. L., D. FRANKLIN, E. R. SMITH AND S. LEVINE. Hormonal responses accompanying fear and agitation in 
the squirrel monkey. PHYSIOL. BEHAV. 296) 1051-1057, 1982.—The adrenocortical and gonadal responses of 14 male 
monkeys were evaluated during four experimental conditions in order to evaluate the influence of social interactions on 
endocrine responsiveness. Plasma hormone levels were determined during the establishment of social relations, after 
60-min exposures to a novel environment, after 60-min exposures to a snake, and 60 min after ACTH administration. Both 
adrenal and gonadal secretion changed significantly during the first day after social relations were established, although 
only dominant males showed increases in testosterone, whereas cortisol levels rose in all subjects. Increases in cortisol, but 
not testosterone, were also observed following exposure to novelty or a snake. The presence of a social partner reduced 
signs of behavioral disturbance during these test conditions, although the adrenal responses were equivalent or greater than 
when tested alone. This finding qualifies earlier research which indicated that social support was beneficial for reducing 
stress when squirrel monkeys were tested in larger groups in their home environment. 


Squirrel monkey Cortisol Testosterone 


Dominance 


AN organism’s response to an aversive situation depends 
not only on the severity and type of stressor, but also on how 
its past experience and the available options for coping shape 
its perception of the stressful event. Mason [32] first empha- 
sized this view by showing that increases in adrenocortical 
hormones observed during stress can be caused by the psy- 
chological disturbance, in addition to the physical trauma 
induced by noxious stimuli. Similarly, a number of other 
investigators have shown that an organism’s ability to pre- 
dict and control aspects of an aversive situation can facilitate 
coping and, under certain circumstances, ameliorate the 
physiological or behavioral manifestations of stress [2, 16, 
18, 29, 49]. 

In social species the availability and reactions of compan- 
ions can also play an important role in determining how an 
individual appraises and responds to a stress-provoking 
situation. Studies on humans have indicated that social rela- 
tionships and roles may sometimes have an overriding influ- 
ence on the response to stress. For example, two individuals 
undergoing a stressful experience together, such as a flight 
instructor and student, may show a similar response [14]; in 
groups of soldiers [42] or pilots [36] engaged in life- 
threatening events, only those in a position of decision mak- 
ing and control may show physiological responses to the 
stressful nature of the situation. Many authors have also 
commented on the critical role of social support in determin- 
ing a person’s vulnerability to stress induced by life changes 
and health crises [20, 22, 32, 35]. The absence of familiar, 
supportive people has been shown to affect longevity and the 
susceptibility to disease [21, 26, 27]. 

The effect of social context and support has received 


Adrenal response 


Gonadal response Fear Stress 


considerably less emphasis in animal research on stress, al- 
though there is substantial evidence that similar processes 
occur in many species. In the highly social primates, signs of 
behavioral disturbance are usually lower when other animals 
are present in fear- or stress-inducing situations [44] and, 
even in rodents, fear reduction is considered to be one of the 
primary functions of social affiliation [47]. This function of 
social support emerges early in life as evidenced by the fact 
that the behavioral distress of infant monkeys is significantly 
less severe when other adult females are present following 
loss of their mothers [13,23]. More recently our laboratory 
has also demonstrated that the adrenocortical hormone re- 
sponse of infant monkeys is reduced when familiar adult 
females are available during a 4-hr separation from their 
mothers [9]. In addition, in adult monkeys we have shown 
that the adrenocortical activation which is typically evoked 
by a potent fear stimulus, such as a snake, does not occur 
when they are tested as a group in their home environment 
[48]. 

In the following research we attempted to extend these 
findings because we had obtained preliminary evidence that 
group size and the type of stressor may determine whether 
social buffering occurs. Moreover, it is clear that social in- 
teractions are not always of a beneficial nature. Under many 
circumstances, group-housing of rodents has been shown to 
cause increased adrenal weights [50] and reduced im- 
munocompetence as compared to individual housing [39,41]. 
Greater adrenal activity has also been observed when pri- 
mates are housed in groups versus alone or in pairs [17, 31, 
45], or following the formation of new social relations [33]. 
Thus, it appears that the relative benefits or disadvantages of 
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social stimulation are extremely dependent on the nature of 
the interactions, especially with respect to dominance rela- 
tions. In order to examine this issue further, the following 
study was conducted on the hormonal and behavioral re- 
sponses of squirrel monkeys when tested alone or with a 
partner in stressful situations. Both adrenal and gonadal re- 
sponses were examined during the establishment of social 
relations and following 1-hr exposures to a novel environ- 
ment or a snake. 


METHOD 
Subjects and Housing 


Fourteen male squirrel monkeys (Saimiri sciureus) were 
used in this research. The monkeys had been imported from 
Guyana as adults and were well acclimated to the laboratory. 
The normal seasonal changes in reproductive physiology 
that occur in this species were not a factor in the data 
analysis, since the 19-week study was conducted in the fall 
prior to the laboratory mating period. 

Between manipulations the subjects were housed as pairs 
in standard wire mesh cages (0.61 x0.61 x0.69 m). Each cage 
contained two perches and was adjacent to other cages, 
permitting auditory and visual communication between 
monkeys. These cages were located in a temperature- 
controlled colony building and extensive windows provided 
a natural light cycle. Monkey chow and water were available 
continuously; fresh fruit and vitamin-enriched cherry drink 
were provided twice each week. 


Procedure 


The study was divided into four experimental phases: I. 
Response to Pair Formation; II. Response to Novelty; III. 
Response to Snake; IV. Response to ACTH. Each phase 
was followed by a 3-week period during which no manipula- 
tions occurred in order to minimize the effects of repeated 
blood sampling. Previous studies in our laboratory have 
shown that blood sampling in this manner does not have a 
protracted effect on hormone levels [5]. 

During the first phase, four blood samples were collected 
from each subject to assess changes in plasma cortisol and 
testosterone levels following pair formation. Samples were 
collected at 3 hr (1200) and 24 hr (0900) after pair formation, 
and then again on days 7 and 14 (at 0900). At the end of the 
second week the dominance relationship of each pair was 
assessed to determine whether attainment of a certain social 
rank had influenced basal hormone levels. Rank was as- 
signed on the basis of access to food and water during 
competition tests conducted after 6-hr deprivation [7]. To 
confirm rank consistency, duplicate tests were conducted at 
the end of the entire study. 

In Phase II of the experiment, the monkeys’ hormonal 
and behavioral responses were evaluated following exposure 
to a novel environment. In a balanced order design, either 
the dominant male, the subordinate male, or both were 
placed in an unfamiliar horizontal runway (15463 x48 cm) 
for 60 min. At the end of each condition, blood samples were 
collected from both members of the pair, although in the 
Alone condition only one member of the pair was handled 
and removed from the home cage prior to sampling. The 
blood sample from the animal that remained behind in the 
home cage was utilized in the analyses as a control condition 
for comparison with the data on the response to novel en- 
vironments. All tests occurred at weekly intervals, and on a 
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given morning, two pairs were tested successively by catch- 
ing and transporting the appropriate subjects to an adjacent 
room containing the apparatus. To minimize habituation to 
the apparatus during the Alone and With Partner exposure, 
different background colors and perfumed fragrances 
(Wizard Air Freshener) were used for each test. In order to 
control for diurnal variation in hormone levels, blood sam- 
ples were always collected between 0900 and 1130. 

During the next phase the psychoendocrine responses to 
a more aversive stimulus were evaluated by exposing the 
monkeys to a natural predator, a 1-m red-tailed boa constric- 
tor. At one week intervals, the monkeys were exposed to the 
snake for 60 min, either Alone or With Partner, with the 
order of experimental conditions balanced across pairs. The 
monkeys were placed in the same apparatus as described 
above, except that a snake was now located at one end of the 
horizontal runway. A mesh barrier separated the snake from 
the monkeys, but full visual and olfactory contact was 
possible throughout the 60-min test. Blood samples were col- 
lected from both members of the dyads following all condi- 
tions between 0900 and 1130, as described previously. 

The endocrine responsivity of each subject was also eval- 
uated in the final phase by examining the 60-min response to 
10 I.U. of ACTH. At weekly intervals, half the pairs re- 
ceived either 0.4 ml solution of Cortrosyn (Organon), a syn- 
thetic subunit of ACTH, or a control injection of 0.4 ml 
saline at 0900. 


Hormone Determinations 


The blood sampling procedure involved rapid capture of 
the animal, anesthetization with ethyl ether, and collection 
of 0.8 ml of blood via cardiac puncture. This technique has 
proved invaluable, since it has been possible to minimize the 
effect of any rapid changes in steroid hormone titers due to 
the handling involved in blood sampling [6,11]. Individual 
samples were collected within 2 min of capture and, during 
Phase I, three researchers routinely collected all 14 samples 
in less than 10 min. 

Plasma aliquots were obtained from the whole blood by 
centrifugation at 2000 rpm and frozen for subsequent deter- 
mination of cortisol and testosterone by radioimmunoassay. 
Cortisol was assayed using antiserum no. F21-53 from 
Endocrine Sciences, Tarzana, CA as described by Klemm 
and Gupta [25]. Testosterone was measured by the method 
of Frankel et a/. [15] using an antiserum supplied by Dr. B. 
V. Caldwell. Chromatographic purification was not utilized 
because it did not substantially improve the accuracy of this 
antiserum in previous evaluations [34]. Further details of the 
blood sampling procedure and radioimmunoassays can be 
found in Coe et al. [6] and Mendoza et al. [34]. 


Behavioral Observations 


Behavioral data were recorded behind one-way glass dur- 
ing the first and last 15 min of each 60-min session of the 
Novelty and Snake phases. Focal observations of each sub- 
ject’s location relative to its partner and to the snake were 
recorded on-the-signal at 15-sec intervals. The occurrence of 
movement was also scored on-the-signal, while between 
signals the occurrence/nonoccurrence of vocalizations was 
tallied in each interval. Other behaviors were recorded but 
occurred too infrequently to be analyzed. 


Statistical Evaluations 


Conditions within each of the four experimental phases 
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FIG. 1. Mean (+S.E.) cortisol and testosterone levels of dominant 
and subordinate squirrel monkeys following pair formation. 


were compared using one- or two-way analyses of variance 
with repeated measures. Post hoc comparisons were made 
with the Neuman-Keuls test, and correlations between hor- 
mones and behavior were evaluated with the Pearson coef- 
ficient. Since the order of test conditions was controlled for 
only within each phase, statistical evaluations were not car- 
ried out on data between phases. Cortisol and testosterone 
data were evaluated in separate analyses. 


RESULTS 
Pair Formation 


Assessment of the males’ plasma cortisol levels following 
establishment of the 7 pairs indicated that adrenocortical se- 
cretion was highest during the first 24 hr after pair formation, 
F(3,36)=4.88, p<0.01. Post hoc tests of this effect of Time in 
the analysis of variance indicated that plasma cortisol levels 
were significantly elevated at 3 hr, averaging 139 ug/100 ml 
(p<0.05), and then declined to typical basal levels for 
Guyanese squirrel monkeys by the end of the first week, 
averaging 101 ug/100 ml during weeks 1-2 (Fig. 1). Since 
food and water competition tests indicated a clear ranking of 
dominant and subordinate animals in each pair, the transient 
elevation was probably caused by the formation of domi- 
nance relations between the previously unfamiliar males, in 
addition to placement in a novel cage. These rankings re- 
mained consistent throughout the study with the exception 
of one pair that showed a more equivocal relationship on 
reexamination. 

In spite of the initial adrenocortical response following 
pair formation, the cortisol levels of dominant and subordi- 
nate males did not differ significantly during the first experi- 
mental phase, F(1,12)=0.23, N.S., because most subjects 
showed a similar decline in output across the 2 weeks (Fig. 
1). However, this was not the case with respect to the effect 
of dominance on testosterone levels. Analysis of the testos- 
terone data for this phase indicated a significant interaction 
between Dominance Rank and Time, F(3,36)=5.85, p<0.01. 
At 24 hr after pair formation, dominant males underwent 
significant increases in plasma testosterone to 102 ng/ml 
(p<0.01), while subordinate males tended to show lowered 
output, 16 ng/ml. As with cortisol, the testosterone response 
was transient and plasma hormone levels stabilized at an 
average 30 ng/ml between weeks 1-2 (Fig. 1). 
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FIG. 2. Mean (+S.E.) levels of cortisol of dominant and subordi- 
nate squirrel monkeys after exposure to a novel environment or a 
snake. 


Novelty Phase 


Significant increases in adrenocortical secretion also oc- 
curred during brief exposures to a novel environment (Fig. 
2). Statistical comparison of the Control, Alone, and Pair 
tests indicated that following removal from the home cage 
and placement in an unfamiliar apparatus, both dominant 
and subordinate males underwent significant elevations in 
plasma cortisol levels, F(2,24)=7.20, p<0.004. As compared 
to the Control test, the increases in adrenocortical output 
were similar whether the males were tested alone (p<0.05) 
or together (p<0.01), although it was of considerable interest 
that 7 of the 14 males actually showed higher cortisol levels 
when tested with a partner. The increased adrenal secretion 
following placement in the novel environment was not due to 
the general disturbance caused by capture or disruption of 
the pair bond, because males left behind in the home cage did 
not show cortisol levels above undisturbed basal values. 

Rather, the cortisol elevations appeared to reflect the high 
levels of agitation which occurred in the novel environment. 
Agitated behavior, including distress vocalizations and rapid 
pacing, was observed during all tests (Fig. 3). However, in 
contrast to the equivalent cortisol response, statistical 
evaluation of the vocalization data from the Alone and Pair 
tests indicated that pair testing significantly reduced the level 
of behavioral disturbance, F(1,24)=18.76, p<0.001. Males 
emitted calls during only 13% of the 15-sec observation 
intervals when tested in pairs as compared to 45% when 
tested alone. Similarly, when tested in pairs, the monkeys 
tended to be less active than when tested alone, moving 
during 33% as compared to 46% of the observation, 
F(1,24)=3.68, p<0.064. Both calling rate and movement de- 
clined across the 60-min tests, but attempts to correlate this 
indication of behavioral adjustment with the magnitude of 
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FIG. 3. Mean (+S.E.) behavioral responses of dominant and subor- 
dinate squirrel monkeys following exposure to a novel environment 
or a snake. 


the cortisol increment in individuals were unsuccessful. In 
addition, assessment of testosterone levels during this phase 
indicated that testicular secretion was not affected by expo- 
sure to a novel environment. 


Snake Phase 


The monkeys showed even more striking increases in 
plasma cortisol levels following exposure to a snake, particu- 
larly in the case of subordinate males (Fig. 2). A significant 
interaction between Dominance Rank and Conditions in the 
analysis of variance indicated that subordinate males re- 
sponded to the snake with greater cortisol increases than did 
dominant males, F(2,24)=15.81, p<0.001. In addition, as ob- 
served in the novelty test, the presence of a partner failed to 
reduce the increases in plasma cortisol and the increments 
were actually greater in 9 of the 14 males when tested with a 
partner. The large adrenal response and the differential in- 
crement in subordinate males appeared to reflect the severe 
behavioral reactions to the snake (Fig. 3). 

All males evinced signs of extreme fear throughout the 
test, remaining 129 cm (of a maximum 154 cm) away from the 
snake. In addition, the males vocalized frequently, emitting a 
specific and intense alarm call which had not been used pre- 
viously. As in the novelty phase, however, pair testing 
served to reduce the signs of behavioral disturbance (Fig. 3). 
Analysis of the vocalization data from the beginning and end 
of the Alone and Pair tests showed that males vocalized 
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FIG. 4. Adrenocortical responses of dominant and subordinate 
squirrel monkeys after administration of either saline or 10 I.U. of 
ACTH. Mean (+S.E.) cortisol levels are portrayed. 


significantly less often when tested in pairs (40% of the inter- 
vals) than when alone (77%), F(1,24)=13.22, p<0.002. Both 
dominant and subordinate males also showed significantly 
less agitated activity in the Pair condition than when tested 
alone, F(1,24)=8.94, p<0.002. This reduced behavioral re- 
sponse, when confronted with the snake as a pair, was also 
associated with a strong preference for remaining in prox- 
imity of the other monkey. Males stayed within 15 cm of one 
another during 81% of the snake test as compared to only 
38% of the time during the previous novelty tests. 

Attempts to correlate individual differences in the behav- 
ioral responses more specifically with the magnitude of cor- 
ticoid change during the snake tests did not reveal any addi- 
tional relationships beyond the overall effect described 
above. Similarly, evaluation of testosterone titers did not 
indicate any significant changes in response to the snake 
exposure. 


ACTH Phase 


Assessment of the males’ adrenocortical responses fol- 
lowing injection of 10 1.U. of ACTH revealed that even the 
high cortisol elevations observed after exposure to a snake 
were submaximal (Fig. 4). Thirteen of the 14 males had 
higher corticoid levels following ACTH administration than 
they had shown during any previous conditions, with values 
rising as high as 537 wg/100 ml. A main effect for conditions 
in the analysis of variance indicated that the mean cortisol 
level of 274 ug/100 ml which occurred after ACTH was sig- 
nificantly above the mean level of 119 «g/100 ml which oc- 
curred following a control injection of saline, F(1,12)=33.53, 
p<0.001. However, this measure of adrenal responsiveness 
did not correlate with dominance or any of the prior cortisol 
determinations from the previous phases. Testosterone titers 
were also not consistently affected by the injection of 
ACTH. 
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DISCUSSION 


These findings address a number of issues concerning the 
effect of social behavior on endocrine activity and stress 
responsiveness. First, social interactions, independent of 
other events, can be a potent stimulator of hormone secre- 
tion. As found in earlier research [8], the formation of new 
social relations between previously unfamiliar squirrel mon- 
keys caused marked changes in both adrenal and gonadal 
secretion that were partially dependent on the outcome of 
dominance contention. The high steroid hormone levels that 
are characteristic of the squirrel monkey permitted a particu- 
larly dramatic demonstration of this psychoendocrine re- 
sponse, although an increased output of testosterone follow- 
ing attainment of the dominant position does concur with 
prior reports on the consequences of aggression and domi- 
nance struggles in other primate species [24,42]. In fact, 
when similar evaluations are conducted during the mating 
season at the time of heightened gonadal secretion in squirrel 
monkeys, dominant males will continue to show higher tes- 
tosterone levels for many weeks instead of the transient re- 
sponse observed in the current study [7]. These data support 
recent studies indicating that the gonadal system is more 
responsive to external stimuli than once believed and suggest 
that testosterone secretion may be particularly sensitive to 
alterations in social relations involving aggressive or sexual 
behavior [8, 12, 38]. On the other hand, the psychological 
stressors used in our research did not affect testosterone 
output. Thus, reported changes in testosterone following 
stress appear to reflect responses to either more severe (e.g., 
ether, surgery [6]) or more prolonged stressors (e.g., pro- 
tracted isolation or exercise [38]). 

The pituitary-adrenal axis, in contrast, responds readily 
to both social and environmental perturbations. For exam- 
ple, plasma cortisol levels increased as a general response in 
all subjects, regardless of rank, during the first day of in- 
teractions. Basal cortisol levels stabilized thereafter, al- 
though, as with testosterone, we have observed that domi- 
nant males will maintain higher adrenal output than subordi- 
nates when pairs are evaluated in the mating season [7]. In 
this regard, the squirrel monkey appears to differ from many 
species in which subordinates show greater adrenal activity 
[4,50], but we now know that many factors influence how 
dominance affects adrenal activity. Even in the squirrel 
monkey, if the groups are regularly disturbed or the domi- 
nant male is particularly aggressive, low-ranking subjects 
may be the ones that show elevated adrenal activity [30,48]. 
In addition, our finding of greater cortisol responses to snake 
exposure in subordinate males does concur with the common 
view of greater stress responsiveness in subordinates [45]. 

But perhaps it is more important to emphasize that, in 
addition to an effect of dominance, the cortisol secretion in 
all of the monkeys was extremely sensitive to environmental 
change. As other investigators have found [2,18], exposure 
to novelty was an especially potent elicitor of adrenal ac- 
tivation and presentation of a snake evoked further increases 
in circulating cortisol levels. These adrenal responses were 
not reduced by pair testing even though the presence of a 
partner did significantly lower the behavioral manifestations 
of distress. This latter finding indicates that we must qualify 
the generality of our earlier conclusion that social partners 
can ameliorate the stressful components of a fear response 
[48]. It may be that the beneficial influence of social support 
is more pervasive in larger social groups and more evident 
when the stressful event occurs in a familiar environment. In 
other recent research, we have found that a single partner is 
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not as effective as multiple partners for reducing the adrenal 
response to a flashing light signal which had been associated 
with electric shock (Patterson and Levine, unpublished 
data). Moreover, in further studies on the effects of social 
support in separated infant monkeys, it has become apparent 
that novel environments are sufficiently aversive to over- 
whelm the benefits of alloparenting which occur when adult 
females are available in the home environment [9]. Thus, the 
influence of the social milieu on stress responsiveness may 
be dependent on a number of variables, including group size, 
environmental familiarity, and severity of the stressor. In 
larger groups and familiar environments we would anticipate 
social buffering against mild stressors, but not against severe 
stressors, and when only a single distressed partner is pres- 
ent, there may even be an augmentation of the individual’s 
response. 

The efficacy of utilizing both hormonal and behavioral 
measures to assess how an individual responds in a stressful 
situation also warrants some discussion. In the literature on 
stress, the prevailing view has been that there is a unitary 
response system [32,46], whereas in the literature on fear, 
the tendency has been to emphasize a distinction between 
physiological changes, subjective feelings, and behavior 
[28,40]. When attempting to correlate such behavioral re- 
sponses as distress calling and agitated movement with 
endocrine activity, we and others (e.g., [37]) have repeatedly 
found that the behavioral symptoms are not necessarily re- 
flective of internal state. In spite of its common usage as a 
measure of stress, rate of vocalization appears to be particu- 
larly labile and dependent upon the proximity of other con- 
specifics. Clearly, the appearance of greater behavioral 
quiescence in the pair-tested monkeys would have been mis- 
leading in the absence of the cortisol data since, from the 
physiological perspective, the monkeys were as equivalently 
stressed as when tested alone. Moreover, some behaviors, 
including consummatory and physical activity, may actually 
be involved in adaptive or coping strategies, serving to re- 
duce psychological distress and leading to a more rapid re- 
turn to physiological equilibrium [3,16]. Thus, it is our firm 
conviction that a reliable index of internal state must be 
examined in conjunction with behavioral measures for ascer- 
taining the degree of stress experienced. 

One must be cognizant of the limitations of hormone 
measures as well. When experimental conditions are care- 
fully controlled and mild stressors are utilized, it is possible 
to obtain a graded endocrine response that parallels stepwise 
increases in disturbance [19]. More typically, however, the 
relationship between the internal milieu and psychological or 
behavioral parameters is less finely tuned [37]. Thus, in the 
current work on the squirrel monkey, we were unsuccessful 
in our attempt to correlate individual differences in behav- 
ioral responses with hormonal output after novelty or snake 
exposure. Similarly, the cortisol response following ACTH 
administration did not correlate with other measures of ad- 
renal responsiveness to environmental stimuli, although 
ACTH stimulation tests have been used productively in 
previous research [45]. As others have concluded [1, 2, 37], 
measurement of adrenal output proved to be most useful for 
differentiating intermediate versus extreme degrees of dis- 
turbance, in this case evoked by novelty or a snake, and for 
clarifying the significance of behavioral responses. This po- 
tentially complex relationship between behavior and physi- 
ology may account for the tremendous success of some in- 
vestigators with endocrine measures, while others have been 
disappointed in their attempt to establish clear correlations 
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between psychological and physiological parameters. The 
failure to find marked endocrine changes in some studies on 
fear and stress in humans [10,43] indicates that further re- 
search is needed to establish principles, such as ‘‘social buf- 
fering,’’ to explain why subjective experiences of stress do 
not always have overt physiological concomitants. 
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FRIEDER, B. AND C. ALLWEIS. Delayed post hypoxic transient amnesia is not associated with electrical brain 
seizures. PHYSIOL. BEHAV. 296) 1059-1064, 1982.—Rats rendered hypoxic by brief exposure to N, after learning an 
avoidance response go into convulsions and subsequently become amnestic. Overt convulsions can be avoided whilst yet 
producing delayed post-hypoxic transient amnesia (DPHTA) by using 2% O, in N, in place of pure N,. The experiments 
reported here show that with this gas mixture, the ECoG shows hardly any of the electrical activity associated with seizures 
which occurs with N,. It is concluded that electrical seizures are not associated with the mechanism responsible for 


DPHTA. 


Amnesia Hypoxia ECoG EEG 


DELAYED post hypoxic transient amnesia (DPHTA) may 
be induced in rats by subjecting them briefly to acute 
hypoxia after active avoidance training [12]. 

If the hypoxia is induced with pure N, convulsions occur 
and complicate the interpretation of the experiment. By 
using a mixture of 2% O, in N, in place of pure Np, the overt 
signs of electrical brain seizure activity may be prevented in 
about 90% of the animals. We have, therefore, used this gas 
mixture in our studies of memory consolidation. The results 
of such studies and those of other experiments in which we 
used 2,6 diaminopurine (DAP) to prevent LTM formation, 
[8] have led us to propose a three-phase model of memory 
consolidation [4]. 

In terms of this model, brief hypoxia (20-30 sec in 2% O, 
in N,) administered immediately or shortly after training 
prevents the formation of medium-term (30-180 min) mem- 
ory but does not interfere with the formation of long-term 
(>180 min) memory. 

Although it was clearly demonstrated that the presence of 
overt motor convulsions was not essential for the production 
of DPHTA it remained possible that some covert electrical 
seizure activity was induced in the brain by the hypoxia, and 
that its occurence was linked to the subsequent amnesia as 
was found to be the case with puromycin-induced amnesia 
[1]. This study was therefore designed to monitor brain elec- 
trocortical activity during and after the hypoxic episode 
under our experimental conditions, in order to determine if 


Convulsions 


hypoxia-induced EEG changes were correlated with the sub- 
sequent occurrence of transient amnesia. 

This study is also relevant to two other aspects of the 
amnestic affect of ECS. The first aspect relates to the ques- 
tion of whether electrical brain-seizure activity is the causa- 
tive agent in ECS-induced amnesia, or whether it is linked to 
it in some secondary way. This question has been studied 
intensively in several laboratories [3, 5, 6, 10, 12, 13] and 
reviewed by McGaugh et a/. [10] and Kesner and Wilburn 
[7]. McGaugh and Gold concluded that *‘seizures are neither 
necessary nor sufficient for producing amnesia’’ following 
electrical stimulation of the brain [11]. Results presented 
here show that post-training hypoxia induced MTM-amnesia 
without the occurrence of electrical brain seizures. 

Secondly our experiments examine the possible role of 
hypoxia in ECS amnesia. Acute brain hypoxia resulting from 
the ECS-induced increase in the metabolic rate of the brain 
may accompany electrical brain seizure activity in animals 
which are not artificially ventilated. The possibility that this 
secondary consequence of ECS is in fact the immediate 
cause of post ECS retrograde amnesia has been little studied. 
D’ Andrea and Kesner [2] approached this problem by inves- 
tigating the amnestic or retrieval failure effects of ECS using 
a variety of manipulations designed to minimize or eliminate 
the hypoxic consequences of ECS. They concluded from 
their experiments that it was the hypoxia rather than the 
ECS itself which was causing the temporary relative amnesia 
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they observed. The results presented here support their 
view. 


METHOD 


Animals 


Male rats of the local Sabra strain weighing 120-150 g 
were used. 


Avoidance Apparatus and Training Procedure 


The shock avoidance apparatus described in our previous 
work was used [4]. It consists of a wooden box 912546 
cm high, divided into two equal compartments by a vertical 
sliding door. One half of the box was painted black and the 
other painted white. In the bottom of the box was a grid floor 
which could be electrified with 50 cps current which was 
limited to 330 wAgus by a series resistor. 

At the start of training, the rat was placed in the white 
side with the door shut. After a one minute delay, the door 
opened automatically. The rat was transferred to the black 
side by hand. Seven seconds later a relay closed and the rat 
received an electric shock. This trial was scored as a failure. 
(If the rat did not run to the safe side after the first shock 
further brief shocks were given at | sec intervals until it did 
so.) Running to the safe side (white) within 7 sec of being 
transferred to the black side, and thus avoiding electrical 
shock, was scored as a successful response. Training was 
continued until the rat achieved a series of 5 successful re- 
sponses out of § trials (5/5 criterion). With naive rats an 
average of 5.0+1.3 (standard deviation) trials to criterion 
(TTC) were needed, excluding the 5 successive successful 
trials (N=294). Rats which during training had less than 3 or 
greater than 7 TTCs (about 22% of the animals trained) were 
excluded from the experiment. 


Test Procedure and Statistical Treatment 


Testing for memory retention was done at various times 
after training in the same way as training. Test-TTCs of 
treated animals and controls were compared using the 
Mann-Whitney one-tailed test to determine if memory was 
impaired by the treatment or not. 


Implantation of Electrodes 


Electrodes were implanted in 23 rats (Sabra albino male 
rats, 120-150 g weight) under pentobarbitone anesthesia (30 
mg/kg IP) a week before the experiment. Four stainless steel 
screws, inserted into holes drilled in the skull 3 mm anterior 
and posterior to the bregma and 2 mm lateral to the medial 
suture, were connected to a miniature socket which was fas- 
tened to the skull with dental cement. 


Gas Mixtures 


Two percent O, (in 98% N.) was prepared in a Douglas 
bag by adding nitrogen to air in the sack. The O, concentra- 
tion was determined with a Beckman Oxygen Auto Analyser 
which was periodically checked by performing a parallel 
analysis with the Haldane gas apparatus. The maximal error 
was 0.1% Os. 


Recording Procedure 


Four recordings were made on a Grass Model IIID Elec- 
troencephalograph: (1) left anterior-left posterior; (2) right 
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FIG. 1. Effect of brief post-training exposure to N, on retention of 
an active avoidance task. Exposure to the gas was performed im- 
mediately -—-, 15 min A—A, or 2 hr &@-—-@ after training; O-—C 
Controls. S.E.Ms are indicated. Number of animals in each group = 
12 unless otherwise indicated on the figure. 
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FIG. 2. Effect of brief post-training exposure to 2% O, in N, on 
retention of an active avoidance task. Exposure to the gas was per- 
formed immediately ®—@ or 15 min A—A after training. Number of 
animals in each group=12 unless otherwise indicated on the figure. 


anterior-right posterior; (3) right posterior-left posterior; (4) 
right anterior-left anterior. 

After several minutes of control recording, rats were sub- 
jected to anoxia by being placed individually into 10 liter 
transparent plastic bags which had been freshly filled with 
pure N., 2% O, in N, or air. 


RESULTS 
Effect of Brief Exposure to N, on Memory 


Rats exposed to N, started to convulse after 14+S.D. 3 
sec. Each animal was returned to room air as soon as it 
began to convulse. Memory retention was assessed 2'/2 hr 
later. 

When the N, exposure book place immediately after the 
completion of training, retention was found to be signifi- 
cantly impaired (Fig. 1). 
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FIG. 3. ECoG recordings from control rats, from rats subjected to 2% O, in N. and from rats 
subjected to pure N,. These composite traces are intended to illustrate the types of activity 
encountered. The times of occurrence of various types of electrical activity are given in Fig. 4. All 
recordings in this figure were made from channel | (left anterior-left posterior). 
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FIG. 4. Times of occurrence of prominent abnormal features in rat 
EEGs following brief exposure to either N, (upper graph) or 2% O, 
in N, (lower graph). Percentage of animals whose EEGs contained a 
given feature or group of features is plotted against time after expo- 
sure to the gas. Duration of this exposure was about 30 sec with 2% 
O, in N, but only about 15 sec in pure N,. With N., the occurrence of 
EEG features associated with electrical seizures was prevalent over 
the period from 10 to 40 sec. In the case of 2% O, in N, such features 
were Observed only in a very small proportion of the animals and 
were of very short duration. 


When the N, exposure was delayed 15 min after training, 
retention appeared to be slightly impaired but the effect did 
not reach statistical significance. 

When the N, exposure was delayed 2 hr after training and 
retention tested 2 hr after the N, exposure there was no 
effect on memory. 


Effect of Brief Exposure to 2% O, in N, on Memory 


A more extensive study was carried out with 2% O, in No». 
Rats were placed in this gas mixture at various times after 
training, and kept in it till they appeared to have lost con- 
sciousness. This occured after 20-40 sec of exposure. The 
animals were then rapidly returned to room air where they 
quickly regained consciousness. 
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Testing for retention was performed at various later 
times. The results of these experiments are presented in Fig. 
2. As was found to be the case with N., hypoxia produced an 
amnesia only when given within 10 min after training. The 
same degree of amnesia is produced by these two different 
gases at each time point tested. 


Electrocorticographic Observations 


Exposure to pure N, produced convulsions (tonic and 
clonic) in about 14 S.D.+3 sec. Animals were removed from 
the N, at the onset of the first convulsion, and returned to 
their cages where ECoG recordings were continued for a 
further 3 min. 

Animals were kept in 2% O, until they were prostrated 
with apparent loss of consciousness. This occurred after 
20-40 sec of exposure. These same animals served as con- 
trols on another occasion when they were thrust into plastic 
bags containing air for 30 sec. This was done before or some 
time after the hyposic treatment. Records obtained from rats 
whilst they were in an air bag were similar to those obtained 
from them in the home cages. 

Figure 3 is a presentation of typical ECoG patterns 
encountered at various times under the conditions of this 
study. To facilitate a quantitative comparison between the 
effects of hypoxia and anoxia, we differentiate visually be- 
tween the types of activity which are depicted in Figure 4. 
These types are normal, high frequency, flattening, high 
amplitude slow waves (50-200 nV, 5 per sec) and separate 
slow waves (50-200 wV, 1-2 per sec). 

In Figure 4, the percentage of animals which exhibited 
each of these types of activity after exposure to either pure 
N, or 2% O, in N, is shown as a function of time. Zero time is 
the time at which their exposure to the gas began. 

Since a flat EEG and high-amplitude or separate slow 
waves are both characteristics of the clonic seizure period, 
we have combined these types of EEG in order to simplify 
the figure. 


Nitrogen Treatment 


N,-treated rats lost their normal ECoG after 7.5+2.2 sec 
of exposure to N,. (Fig. 4, bottom) The preconvulsive ECoG 
pattern showed high-frequency waves which lasted for 
2.2+1.5 sec prior to the first convulsion. The first visible sign 
of a tonic convulsion appeared 14-17 sec after exposure to 
N.. At this time or sometimes a few seconds earlier the rat 
was removed from the bag. The tonic convulsions were ac- 
companied by flattening of the ECoG 16.1+9.1 sec after the 
start of exposure to N,. The isoelectric ECoG persisted for 
16.0+9.1 sec. Tonic convulsions always preceded clonic 
convulsions but subsequently alternations of short periods of 
clonic and tonic convulsions were seen. The clonic convul- 
sions were accompanied by high amplitude slow waves or by 
separate slow waves. 

The alternating types of convulsive ECoG lasted about 24 
sec but complete recovery was seen only after about 3 min. 
All of the ECoG patterns described here were seen simulta- 
neously in all channels but were most distinct in channels | 
and 2. 


Two Percent O, Treatment 

About 10% of the rats subjected to 2% O, showed overt 
signs of convulsions and were excluded from the following 
analysis because such animals were always discarded in our 
memory experiments. 
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Two percent O,-treated rats lost their normal ECoGs after 
11.6+3.3 sec exposure which is significantly longer than the 
7.5+2.2 sec period found with N, treated rats (p<0.005). The 
animals were removed from the 2% O, when they appeared 
to lose consciousness after 28.8+10.4 sec of exposure. At 
that time, the ECoG showed some irregularities but little of 
the kind seen in the N,-treated animals. Only in 5 out of 15 
cases was ECoG flattening seen and even then it was of very 
much shorter duration lasting only 0.5—2 sec (4 sec in | case) 
as compared with 16.0+9.1 sec in the case of the N,-treated 
animals (p<0.005). 

High frequency preconvulsive type activity lasting 1-3 
sec appeared in 5 out of 15 cases. The ECoG features which 
accompanied clonic convulsions in N,-treated animals were 
completely absent in 9 out of 15 cases and in 2 of the remain- 
ing 6 cases its presence was doubtful. In the remaining 4 
cases there was a I-2 sec period of high amplitude slow 
waves (p<0.001 when all of the 2% O,-treated rats were 
compared with all of the 12 N,-treated). The difference in the 
duration of high amplitude slow waves in those animals 
which showed them under these two treatments was not 
significant. Complete recovery of a normal EEG was seen 6 
sec after restoring the rats to room air which is very much 
shorter period than 3 min needed for recovery after N, 
(p<0.001, t-test). 

Figure 4 shows clearly that in comparison to N,-exposed 
rats the EEGs of 2% O,-exposed rats showed hardly any sign 
of electrical seizure activity. 


DISCUSSION 


By comparing Fig. | and Fig. 2 it may seem that post- 
training exposure to N, or 2% O, in N, immediately after 
training produced the same significant retention deficits 2'/2 
hours later. When exposure to either of these gases was 
performed 15 min after training the deficits were again both 
of the same magnitude but did not reach the level of statisti- 
cal significance. 

The retention deficit produced by 2% O, in N, treatment 
immediately after training was maximal at 90 min after train- 
ing. Although the complete time-courses of the amnesia 
produced by N, given at various times after training was not 
determined in these experiments, they are probably identical 
with those which were produced by 2% O, in N, treatment 
[4]. 

Most of the evidence relating to a possible causal role of 
electrical brain seizure activity in ECS-induced retrograde 
amnesia seems to preclude this possibility [11]. However, it 
should be noted that in the ECS-induced amnesia studies on 
which this conclusion is based almost all of the measure- 
ments of retention were made 24 hr after ECS, when the type 
of memory being assayed was LTM. The transient memory 
deficit produced by post-training hypoxia appears to be due 
to the prevention of MTM formation specifically and since 
LTM formation appears to proceed independently of MTM 
and parallel to it [4], it is clearly possible that electrical brain 
seizures might prevent MTM formation even if they did not 
prevent LTM formation. Our findings relate to this 
possibility. 
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As may be seen by comparing the upper and lower parts 
of Fig. 4 the 90% of the 2% O,-exposed animals which did not 
show overt signs of convulsions had very different ECoG 
patterns than the N, treated rats which did show convul- 
sions. High frequency waves were of very brief duration in 
the relatively few animals in which they occurred. A flat 
ECoG, which was seen in only a third of the animals, was of 
very short duration as were the high amplitude slow waves 
or separate slow waves which were seen in only 25% of the 
animals. Recovery of the normal ECoG was more than ten 
times faster in the case of 2% O, exposed animals. 

Such ECoG changes as were seen in 2% O, exposed animals 
which showed no overt signs of convulsions occurred only 
relatively few of the animals and even then were less marked 
and of extremely short duration. These facts when taken 
together with the important fact that 2% O, was just as effec- 
tive an amnestic agent as N, both with respect to the degree 
of amnesia produced and the percentage of animals rendered 
amnestic [4] leads us to suggest that the mechanism whereby 
post-hypoxic transient amnesia is induced is not linked to 
ECoG changes of the type seen during electrical brain sei- 
zures. 

Our investigation, apart from being concerned with MTM 
amnesia rather than LTM amnesia, relates to the question of 
the possible role of cerebral anoxia in the induction of post- 
ECS amnesia in a converse way, since in our experiments 
the hypoxia was primary, and electrical seizure activity, if it 
occurred, was a secondary consequence of the hypoxia. 

Our earlier finding that by attenuating the hypoxia (by 
using 2% O, in N,) the occurrence of overt convulsions could 
be prevented without eliminating the amnesia, pointed to 
hypoxia as the more immediate cause of amnesia with the 
reservation that covert electrical seizure activity might 
nevertheless be occurring. The experimental results reported 
here preclude this reservation so that it may now be stated 
that hypoxia will of itself give rise to DPHTA in the absence 
of electrical seizure activity detectable at the surface of the 
brain. However, it is still possible that hypoxia causes some 
localized seizure activity which is not detectable at the sur- 
face of the brain in some susceptible sub-cortical structure 
and that this localised abnormal activity is responsible for 
the subsequent amnesia. 

During an investigation of the effect of RNA synthesis 
inhibitors on the consolidation of memory [8,9] we noticed 
that the rapid intracisternal injection of 20 yl of saline into a 
rat within an hour after training it in an active avoidance 
response induced retrograde amnesia. Since the volume in- 
jected and the rate of injection seemed to be the critical 
factors which determined whether of not amnesia was 
caused, we suggested that the rise in CSF pressure brought 
about by the rapid injection produces a transient fall in cerebral 
blood flow and the resulting brain anoxia interferes with 
some stage in the consolidation of memory. In the light of the 
results reported here, the hypothesis remains tenable but 
additional evidence is needed to prove it. 
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FRIEDER, B. AND C. ALLWEIS. Prevention of hypoxia-induced transient amnesia by post-hypoxic hyperoxia. 
PHYSIOL. BEHAV. 296) 1065-1069, 1982.—Rats subjected to hypoxia (2% O, in N,) for 30 sec following training in an 
active avoidance task subsequently show a transient medium-term memory (MTM) amnesia for that task. The occurrence 
of this transient post-hypoxic amnesia may be prevented by treating the animals with hyperoxia (100% O, for 2 min) 
providing this is done within 1.5 min following the hypoxia. In view of the rapid recovery of normal brain function in air 
following hypoxia, the ability of hyperoxia to reenable MTM formation even if it is given 1.5 min after hypoxia suggests the 
existence of a ‘‘very short term trace’’ which normally gives rise to medium term memory. These results are incorporated 


into a four phase model of memory consolidation. 


Retrograde amnesia Hypoxia Hyperoxia 


WE have previously shown that brief hypoxia (2% O, in N, 
for 30 sec) administered to a rat shortly after active 
avoidance training resulted in a delayed transient amnesia 
[4]. Results from these and other experiments were incorpo- 
rated into a three-phase model of memory consolidation. 

This model, which included a medium term memory hold- 
ing mechanism lasting from 30 to 200 min after training is 
shown in Fig. 1. We suggested that hypoxia prevented MTM 
(Medium Term Memory) formation but did not effect STM 
(Short Term Memory) and LTM (long Term Memory) for- 
mation. In the experiments reported here we show that the 
occurrence of transient amnesia following post-training 
hypoxia can be prevented by the subsequent administration 
of 100% O, within about 1.5 min after the hypoxia. An in- 
terpretation of this finding in terms of the possible existence 
of a ‘‘very short term trace’’ is presented. 


METHOD 


Animals 


Male rats of the local Sabra strain weighing 120-150 g 
were used. 


Avoidance Apparatus and Training Procedure 


The shock avoidance apparatus described in the preced- 
ing paper [5] was used. Training was continued until the rat 
achieved a series of 5 successful responses out of 5 trials (5/5 
criterion). With naive rats an average of 5.0+1.3 (standard 
deviation) trials to criterion (TTC) were needed, excluding 
the 5 successive successful trials (N=294). Rats which dur- 


Memory 


Rats Very short term trace 


ing training had less than 3 or greater than 7 TTCs (about 
22% of the animals trained) were excluded from the experi- 
ment. 

Rats were subjected to hypoxia simply by thrusting them 
individually into a 10 liter transparent plastic bag, which had 
been freshly filled with 2% O, in N,. Hypoxia was induced in 
all cases immediately after training, the time at which it has 
been found to be most effective [4]. 

The animals were kept in 2% O, until they were prostrated 
with apparent loss of conciousness. This occurred after 
20-40 sec of exposure. A few animals which showed either 
convulsions and/or cessation of respiration (about 6%) were 
immediatley discarded. Control animals were thrust into a 
similar plastic bag containing air and kept there for the same 
period of time before being returned to their cages. 


Hyperoexia 

Hyperoxia was achieved simply by thrusting animals into 
a plastic bag containing 20 liters of pure oxygen and keeping 
them there for 2 min. Hyperoxia control animals were simi- 
larly treated but with a bag containing air. 


Test Procedure and Statistical Treatment 


Testing for memory retention was done at 90 min after 
training in the same way as training. At this time the amnes- 
tic effect of hypoxia was found to be maximal [4]. Test-TTCs 
of treated animals and controls were compared using the 
Mann-Whitney one-tailed test to determine if memory was 
impaired by the treatment or not. 
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FIG. 1. A four-phase model of memory consolidation. All points on the graph are experimental points. Solid lines connect points which are 
plotted at the actual time of test. Dotted lines connect points for which the position of the plotted point precedes the actual test time; in such 
cases test results obtained at 90 min following training (when the contribution of STM and LTM to the observed behavior was minimal) were 
projected back to the time of administration of pure O, (VSTT decay curve) or to the time of administration of hypoxia (MTM formation 
curve). Assumptions implicit in these projections are discussed in the text. 
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RESULTS 


The main variable in this study was the time interval be- 
tween hypoxia and hyperoxia. Rats were subjected to 
hypoxia immediately after training and tested for retention 
90 min after training after STM had decayed and the amnes- 
tic effect of hypoxia had been found to be maximal (Fig. 1). 

Four control groups of rats were used (1) hypoxia alone 
(2) hypoxia followed by exposure to air in a bag for 2 min (3) 
hyperoxia alone (4) no treatment. 

The test TTCs for the various hypoxia-hyperoxia inter- 
vals and their appropriate controls are summarized in 
Table 1. 

As may be seen 100% O, could prevent the appearance of 
the transient amnesia which normally follows hypoxia, if it 
was administered immediately or 1.5 min after hypoxia. The 
preventative effect of hypoxia seemed to be complete, in that 
no significant difference was seen between 2% O, followed 
by 100% O, treated animals and control untreated animals. 
However, 100% O, given 5 min after hypoxia did not prevent 


the subsequent development of transient hypoxic amnesia. 
These animals showed the same degree of amnesia as 2% O, 
then air sack treated or 2% O, treated animals. 

The experimental results presented here are plotted in 
Fig. 1. together with results obtained in earlier experiments. 

All of the data in this graph has been normalised. In the 
case of the data which is based on earlier experiments this 
was done by expressing the average test data of each exper- 
imental group of animals (TTC,,,,) as a percentage based on 
a scale in which the training performance of naive animals 
(TTC, aive) Was taken as zero and the test performance of 
control animals (TTCeontro:) Was taken as 100%. The nor- 
malized scale is referred to here as arbitrarily ‘‘Memory ef- 
fectiveness,’’ M.E., and date points were calculated using 
the formula, 
Sees 
TTC controt 


TTC ave ae 
TiC sive a 


In the hypoxia-hyperoxia experiments reported here, the 
degree of amnesia obtained following hypoxia alone was 


x 100. 
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FIG. 2. Effect of brief hypoxia on several CNS variables. In the uppermost graph, the ability of 
post-hypoxic hyperoxia to reverse the effect of post-training hypoxia, is plotted as function of the 
interval between hypoxia and hyperoxia. The other curves have all been replotted from various 
sources on the same scale for ease of comparison. References are as follows: O, [9]; A,-extracellular 
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generally considerably smaller than that which was obtained 
in earlier experiments. The cause of this was everitually 
traced to the use of a stronger than usual foot-shock, a situa- 
tion which was progressively rectified. 

In order to correct for these variaitions the modified M.E. 
formula used in the experiment was: 


I TCge, Og then air ~ I PCg0, Og then 100% Op 
TTC 2% Og then air ~ I rc, treatment 


x 100. 





M.E. = 


This calculation has the effect of expressing the protective 
influence of post-hypoxic hyperoxia as a percentage on a 
scale in which a fully protective effect is rated 100% and no 
protective effect is rated as zero. Since by the use of an 
appropriately weak foot-shock virually complete amnesia is 
obtained, the 5 min points had been plotted on the ME graph 
as if amnesia was complete when hyperoxia was delayed 5 
min after hypoxia. The plotting of these data points at the 
time of hyperoxia administration rather than at the time of 
testing is based on theoretical assumptions which will be 
dealt with explicitly in the discussion. 


DISCUSSION 


We have previously shown that 2% O, hypoxia prevents 
MTM formation if it is administered immediately or up to 10 
min after training. The amnestic effect did not appear to be 
due to hypoxic stress, since STM persisted for about 15 min 
following hypoxia (given immediately following training) be- 
fore the onset of amnesia [4]. The main result reported here 
is that post-hypoxic hyperoxia, brought about by exposure 
to 100% O, following hypoxia, can prevent the transient am- 
nestic effect of hypoxia. This is true even if the hyperoxic 
treatment is delayed up to 1.5 min after hypoxia. However, if 
the hyperoxic treatment is delayed for 5 min after hypoxia it 
is ineffective in preventing the subsequent development of 
transient amnesia. 

In an earlier discussion of the transient post-hypoxic am- 
nesia we suggested that ‘‘hypoxia prevents the occurrence of 
the processes responsible for the transcription of memory 
from STM (or some briefer memory-holding mechanism) to 
MTM” [4]. We introduced the possibility of MTM transcrip- 
tion from a holding mechanism briefer than STM because 
STM had been shown to persist for 15 min after hypoxia and 
was therefore available to serve as a template for MTM tran- 
scription, if it was capable of doing so, long after most of the 
known acute effects of hypoxia on brain metabolism had 
disappeared following the return of the animal to air (Fig. 2). 
The fact that the transient amnesia appeared nonetheless, 
suggested that MTM could not be transcribed from STM and 
was therefore, probably transcribed from a different memory 
holding mechanism with a shorter life time. 

The experiments reported here provide additional evi- 
dence for this view since hypoxia had to be followed by 
hyperoxia within about 1.5 min in order for transcription to 
MTM to be reenabled. The hypothetical memory holding 
mechanism from which MTM is transcribed appears to be 
hypoxia-stable like STM (since it survives hypoxia) but un- 
like STM it can serve as a template for MTM transcription. 
We will refer to this new hypothetical stage in consolidation 
as the ‘‘very short term trace’’ (VSTT). Use of the term 
“*trace’’ instead of memory expresses our uncertainity at this 
time as to whether or not the trace is in a retrievable form. 
Our hyperoxic experiments may be interpreted as follows 
within the framework of the memory consolidation model 
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proposed earlier (Fig. 1). If VSTT is allowed to decay follow- 
ing hypoxia (no hyperoxic treatment given) the trace from 
which the MTM can be developed is lost in less than 5 min. 
It, therefore, seems as though in the normal course of 
events, MTM development from the VSTT must be initiated 
within about 2 min following training before the VSTT de- 
cays. 

We have no direct knowledge of the time course of MTM 
formation since in experiments designed to follow it, testing 
had to be delayed until STM disappeared 90 min after train- 
ing to avoid masking of MTM by STM. However, if we 
assume (1) that hypoxia arrests transcription from VSTT to 
MTM, and (2) that the level of effective memory measured 
90 min after training is proportional to the amount of some 
unknown substance(s) or structural change produced by the 
transcription process before it is arrested by hypoxia, then 
the time course of MTM growth can be deduced from the 
memory effectiveness measured at a latter time (cf. [1]). The 
form and position of the ascending limb of the MTM curve in 
Fig. 1 are based on this rationale. Evidence for the validity of 
this rationale has now been obtained by us using ethacrinic 
acid to prevent the formation of STM (see [6]). When this 
was done the growth curve for MTM fitted the growth curve 
deduced from these experiments. 

The hypothesized existance of a VSTT holding mech- 
anism from which MTM development is initiated within 
about 1.5 min leads immediately to a paradox. For we have 
clearly shown that the hypoxia-susceptibility of the proc- 
esses which lead to MTM formation extends to 15 min after 
training [4], that is to say, way beyond the 1.5 min period 
within which the VSTT to MTM development processes 
must be initiated before VSTT template decays. 

This paradox can be resolved by assuming that within 1.5 
min of learning a sequence of MTM engram-establishing re- 
actions is initiated and that one or more of the reaction-steps 
which occur during the first 15 min after learning (which lead 
later on to the production of an hypoxia-stable behaviorally 
effective medium term memory holding mechanism) is pre- 
vented by hypoxia. 

This assumption implies that the processes which will 
lead eventually to MTM formation have to be initiated before 
the VSTT is lost but once initiated will bring about the for- 
mation of MTM even though the VSTT has in the mean time 
been lost. STM proably constitutes the behaviorally effec- 
tive memory trace, for at least part of the time during which 
MTM is in process of formation. 

We have indicated in an earlier paper [4] that transient 
hypoxic amnesia provides evidence for parallel processing of 
both MTM and LTM from some earlier holding mechanism 
or mechanisms. It remains to be seen whether LTM is based 
on STM or the VSTT or if it arises from some even earlier 
trace by means of a process which is parallel to both STM 
and MTM formation. 

The intensity and time course of the known effects of 
brief hypoxia on brain functions and metabolism are highly 
relevant to this discussion. We have summarised from the 
literature, data obtained under conditions which appeared to 
be similar to ours (Fig. 2). 

The figure shows clearly that brain PO, is back to normal 
60 sec after air is restored to the animals [3,9]. Extracellular 
potassium in the brain which increases during anoxia returns 
to its normal level in about 40 sec [9]. Brain cortex 450 nm 
fluorescence which is an indicator of brain NADH level re- 
turns to normal about 30 sec after restoring air [8]. In exper- 
iments in which we monitored ECoG during and after 2% O, 
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hypoxia, it returned to normal within 10 sec [5]. These find- 
ings indicate that hypoxia does not prevent MTM formation 
by reversing any of these changes because all these variables 
have returned to their normal values at less than 1.5 min, a 
time when hyperoxia can still prevent the later occurrence of 
transient hypoxic annesia. Hence, it may be inferred that 
hyperoxia acts either by reversing an hypoxia-induced 
change in the formation of some substance other than those 
mentioned above or by some as yet unknown mechanism. 

The concentrations of brain adenosine triphosphate and 
phosphocreatine which are lowered by brief hypoxia, both 
return to normal within a minute after restoring air to the 
animals but then fall off again. Phosphocreatine appears to 
attain its normal value in 4 min whilst ATP does not begin to 
rise again until 5 min after hypoxia and reaches its normal 
level at 8 min [10]. It thus seems possible that a reaction 
driven by high energy phosphate compounds may be essen- 
tial at some stage in the development of MTM. However, 
this high energy phosphates data was obtained following ex- 
posure to pure N, and briefer less drastic changes in high 
energy phosphate levels probably occur following the 30 sec 
exposure to 2% O, in our experiments. 

From the available facts it is difficult to infer the nature of 
the mechanism whereby hyperoxia reenables MTM forma- 
tion even if it is given as late as 1.5 min after the end of 
hypoxia. At that time our animals appeared to have re- 
covered completely from hypoxia. Brain P,. had returned to 
at least its normal value hence the protective effect of oxy- 
gen administration at that time could not have been due to its 
shortening the duration of hypoxia. One and a half minutes 
after the end of hypoxia the arterial blood hemoglobin was 
probably once again virtually saturated with O,, so that its 
oxygen content could be increased by hyperoxia only by 


physical solution of oxygen which is limited to an additional 
2 vol% of O, approximately. 

Hypoxia of arterial blood is, however, known to be a 
potent vasodilator of cerebral blood vessels which decreases 
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cerebral vascular resistance and increases cerebral blood 
flow. When a period of arterial hypoxia is followed by the 
administration of air enriched with O.,, cerebral blood flow 
remains high during the period of reactive hyperemia [2]. 
This is almost certainly the case in our experiments and it 
would be expected to result in a post-hypoxic brain tissue 
Po, well above normal. We postulate that this high tissue P,» 
reenables MTM formation by driving some neurochemical 
reaction at a faster than normal rate thereby replenishing an 
hypoxia-depleted pool of some metabolite which is essential 
from MTM formation. Providing this pool is replenished be- 
fore the VSTT has decayed, MTM would then be formed as 
usual. 

An experimentally derived three-phase model of consoli- 
dation in the one day old chick has been presented by Gibbs 
and Ng [7]. They provide evidence for the existence of: (1) 
STM (with a time course similar to our STM) based on post- 
neural activity hyperpolarisation due to a K* permeability 
change. (2) Labile Phase (with a time course considerably 
briefer than that of our MTM) based on post-neural activity 
hyperpolarization due to Na*/K* pump activity. (3) Long 
term phase dependent on protein synthesis. 

Since neither the species, the task, the memory retention 
measure, nor the inhibitors used were the same in our re- 
spective studies, a detailed comparison of the models at this 
stage would be premature. However, the fact that multi- 
phase models are necessary to encompass the data in such 
very different studies strengthens the argument for the exist- 
ence of several operationally distinguishable neurochemical 
processes and memory-holding mechanisms in the consoli- 
dation of memory. 

The validity of the four phase memory consolidation 
model which we have here used in interpreting our hyperoxic 
experiments would of course be strengthened if transient 
amnesia with a time course similar to that of hypoxic tran- 
sient amnesia could be produced by other agents. An inves- 
tigation of this possibility is now under way in this laboratory. 
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FRIEDER, B. AND C. ALLWEIS. Memory consolidation: Further evidence for the four-phase model from the time- 
courses of diethyldithiocarbamate and ethacrinic acid amnesias. PHYSIOL. BEHAV. 296) 1071-1075, 1982.—Thirty min 
prior to training rats in an active-avoidance task they were injected intracisternally (IC) with 3 mg diethyldithiocarbamate 
(DDC), a norepinephrine (NE) synthesis inhibitor. They showed complete retention of memory for about 10 min after 
training. Subsequently, memory decayed to the naive level over the next 80 min but reappeared later. The brain NE level 
fell to 50% of its normal level 30 min after the injection. 90 min later it recovered to 85% of its normal level. The dopamine 
level did not change. We have shown previously that brief-hypoxia causes a delayed transient amnesia. The time-course of 
the DDC-induced amnesia was identical. Both treatments are interpreted to interfere with Medium-Term-Memory (MTM) 
formation. The DDC-induced transient amnesia could be prevented by injecting 10 wg NE IC 30 min prior to training. It was 
concluded that NE is needed shortly after training for MTM formation. Rats were injected IC with 4 wg ethacrinic acid 30 
min prior to training. They showed complete retention of memory 2 min after training, amnesia 10 min after training, 
complete retention 15-90 min after training and partial amnesia 3.5 hr later. Thus, ethacrinic acid appears to interfere with 
short-term-memory formation. These and earlier results obtained with other treatments are incorporated into a four-phase 
model of memory formation with parallel processing. 


Amnesia Norepinephrine Memory consolidation Diethyldithiocarbamate Ethacrinic acid 


IN the preceding paper we have presented a four-phase the different memory-holding mechanisms may be prevented 
model of memory consolidation in rats [5]. This model was from occurring by agents other than those already used to 
derived from experiments in which various procedures were reveal their existence in the first place, then it should be 
used to interfere with different neurochemical processes possible to obtain identical curves with a variety of agents. 
which take part in the normal consolidation sequence. These In this paper we report that (1) diethyldithiocarbamate, a 
procedures included intracisternal injections of DAP [1,7], dopamine (DA) £-hydroxylase inhibitor which interferes 
rapid 20 wl intracisternal injections of saline [8], acute with norepinephrine (NE) synthesis, produces under our 
hypoxia [3] and acute hypoxia followed by hyperoxia [5]. conditions a delayed transient amnesia identical in its time 
The results of many of these experiments are presented course with that produced by acute hypoxia, and that (2) 
graphically in Fig. 3. The graph is also a model of consolida- ethacrinic acid, which inhibits Na/K ATPase and thereby 
tion insofar as it is inferred that the curves represent the interferes with the transport of Na and K across cell mem- 
formation and decay of different sequential overlapping, branes [6], produces a delayed transient amnesia with a 
memory-holding mechanisms. much more rapid onset and much briefer time course just as 

If this inference is correct, and it is also assumed that the would be expected if it prevented the formation of short-term 
various neurochemical reaction sequences which give rise to memory specifically. These experimental facts support the 
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validity of many of the inferences which underlie our four- 
phase consolidation model and also provide some informa- 
tion as to the probably natures of the neurochemical proc- 
esses involved in the formation of short and medium-term 
memory. 


METHOD 


Animals 


Male rats of the local Sabra strain weighing 120-150 g 
were used. 


Avoidance Apparatus and Training Procedure 


These were described in the preceding two papers [4,5]. 
Training was continued until the rat achieved a series of five 
successful responses out of five trials (5/5 criterion). 


Test Procedure and Statistical Treatment 


Testing for memory retention was done at various times 
after training in the same way as training. Results are ex- 
pressed as follows: TRAIN or TEST 5/5 (criterion), 5.5 (re- 
sult) +1.2 (SD) TTC (trials to criterion), N (number of 
animals)=12. Test TTCs of treated animals and controls 
were compared using the Mann-Whitney one-tailed test to 
determine if memory was impaired by the treatment or not. 


Intracisternal Injection 


Intracisternal injections were performed under very light 
ether anesthesia as described previously [7] using an Agla 
micrometer syringe. Solutions injected were: Diethyl- 
dithiocarbamate (Sigma) Na* salt in distilled water, Etha- 
crinic acid (Merck, Sharp and Dohm), 40 mg dissolved to- 
gether with | mg sodium bicarbonate in 10 ml distilled water 
at not more than 40° C, Arternol _bitartarate 
(norepinephrine-Sigma) in saline. All solutions were pre- 
pared within one hour before use. 


Catecholamine Determination 


Catecholamines were isolated from extract of brain cor- 
tex on Biorex Columns according to Barchas [2]. The 
fluorometric determinations of norepinephrine and of do- 
pamine were carried out using the methods of Barchas [2] and 
of Laverty [9], respectively. 


RESULTS 
Experiments with DDC 


The effect of an intracisternal injection of 3 mg DDC 30 
min prior to training on brain DA and NE concentrations and 
on memory is shown in Fig. 1. 

The brain DA level, measured at the time when training 
was begun 30 min after the DDC injection or measured 80 
min after the end of training did not differ significantly from 
the control level of 700+250 ug/g wet brain. 

The brain NE level dropped to about one half its control 
level 30 min after the injection and returned to its control 
level about 105 min after training was complete. 

The behavioral data which is presented in the lower part 
of the same figure shows a delayed transient retrograde am- 
nesia similar to that caused by exposing rats for about 30 sec 
to 2% O, in N, shortly after training in the same task [3]. 

Control animals which received saline in place of DDC 
showed no sign of amnesia. 
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FIG. 1. Effect of DDC on brain DA (A) and NE (A) and on active 
avoidance learning and memory in rats. Three mg of DDC was in- 
jected intracisternally 30 min before training. The lower behavior 
graph shows that DDC treated animals (@—@) have a delayed tran- 
sient amnesia whereas controls (O- - -O) show full retention. 


The similarity between the effects of DDC and of hypoxia 
on the consolidation of memory becomes even more striking 
if the behavioral data is normalized to eliminate unavoidable 
variations from experiment to experiment. This normaliza- 
tion is carried out by expressing the average test data of each 
experimental group of animals (TTC,,,.;) as a percentage 
based on a scale in which the training performance of naive 
animals (TTC,,;,.) is taken as zero and the test performance 
of control trained animals (TTC.ontro) represents 100%. The 
normalized test value is referred to here as **Memory Effec- 
tiveness’’ (ME) [3]. 

When the normalized DDC data is plotted on a back- 
ground of our normalized hypoxia data [3] as in Fig. 4, it may 
clearly be seen that the delayed transient amnesias which are 
obtained following each of the experimental procedures are 
to all intents and purposes identical with respect to their 
delays in onsets, their time courses and their severity. 

In order to determine if the effect of DDC described 
above was correlated with its brain NE-depleting action, we 
carried out a control experiment in which DDC was injected 
90 min before training (instead of 30 min before training) so 
that the brain NE level would be restored almost to its nor- 
mal level by the time training was carried out. In this exper- 
iment the animals were tested 90 min after the completion of 
training, this being the time at which the transient amnesias 
obtained with either hypoxia or with DDC were most severe. 
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FIG. 2. Ethacrinic acid (4 wg in 10 wl water intracisternally 30 min 
before training) produces a brief transient amnesia which is maximal 
10 min after the end of training. 





The results (TTCppc at -90 min=2-9+ 1.8, N=10; TT Caine at -90 
min=2-2+2.5, N=10) showed that the effect of DDC on re- 
tention did not extend beyond its NE-depleting action. The 
residual slight (non-significant) effect of DDC on retention in 
this experiment may be related to the fact that the normal 
NE level was still 25% below its control level at the time of 
testing. 

In order to determine if the transient amnesia-inducing 
effect of DDC was related specifically to the reduction in 
brain NE level which it caused, we attempted to prevent the 
DDC-induced transient amnesia by administering 10 ug of 
NE intracisternally per rat (10 wl of a solution containing 
1.95 mg artrenol bitartrate per ml saline). This dose had been 
found to be effective in preventing the impairement of LTM 
(3 days) by DDC in a passive avoidance task [12]. 

The DDC (1 mg per rat) and NE were injected together 30 
min before training. There was no significant effect on train- 
ing. The smaller dose of DDC used in this experiment was 
adequate to cause MTM amnesia measured at 90 min after 
training (TTC 9 min=3-5+2.0, N=8) when given alone 
but when given together with NE, no amnesia was found 
(TTCyest 90 min=1.5+2.3, N=8) (p =0.05). 


Experiments with Ethacrinic Acid (EA) 


We had for some time been searching for a drug or proce- 
dure which would selectively prevent STM formation since 
we hoped to use it to clarify the following points: (1) The 
time-course of MTM formation had so far been inferred indi- 
rectly from experiments in which post-training hypoxia had 
been delayed for various periods. [3]. If STM formation 
could be prevented then the rising phase of MTM should be 
thereby unmasked providing that MTM formation was not 
dependent on STM formation. (2) The falling phase of the 
very short term trace (VSTT) (whose existence was inferred 
indirectly on the basis of our earlier hypoxia-hyperoxia ex- 
periments) [5] should also be unmasked by the prevention of 
STM formation provided it was behaviorally functional. 

The following experiments were prompted by a report by 
Rogers et al. [11] that EA, when injected 10 min before train- 
ing, interferes with STM formation in a visual discrimination 
task (pebbled floor) in 9 day-old chicks. They found that in 
spite of an apparent absence of learning and STM formation, 
memory did appear spontaneously about 20-30 min after 
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FIG. 3. Graphic representation of our 4 phase model of memory 
consolidation for an active avoidance task in the rat. 


training. We therefore decided to try EA injection in con- 
junction with our training-testing paradigm. 

Rats were given five 4 ug of EA in 10 yl of water (containing 
1.0 mg NaHCO.,). Thirty min later they were trained and then 
tested at various later times. 

The results of this experiment which are presented in Fig. 
2 show a brief delayed transient amnesia which is quite dif- 
ferent in its time course from that obtained following acute 
hypoxia or DDC injection. In the case of EA, memory was 
intact 1'/2 min after training but nearly absent 10 min after 
training (when ATp .16¢=55 min). At 30 and 90 min after 
training memory was once more present at the control level. 
At 300 min after training the test result was biomodal; TTC,,.., 
300 min=4.0+0.9, N=7 and 0.8+0.5, N=4. 

In order to find out if the EA was preventing retrieval 55 
min after its injection, a group of rats was given an EA injec- 
tion 10 min after training and tested 65 min after training 
(ATs .tess=55 min). These animals remembered (TTC 
=1.3+1.2, N=12). This results suggests that EA does 
not interfere with retrieval. 

An additional control experiment was done by injecting 
the EA 45 min before training; these rats were tested 10 min 
after training as were the rats in the experimental group 
(ATs stest=55min). The result (TTC=1.6+2.0, N=6) sup- 
ports the conclusion of the previous experiment and also 
indicates that the period of susceptibility to EA is limited so 
that if the injection is given too early, its effect is attenuated 
by its being washed out of the brain or inactivated by the 
time the period of susceptibility to EA begins. It would 
therefore, appear that EA must act shortly after training if it 
is to prevent STM formation. 


DISCUSSION 

The results presented in this paper will be discussed in 
terms of our four-phase model of consolidation. This model, 
which is presented in Fig. 3, is based mainly on previously- 
reported experiments in which the effects of various agents 
on the time-course of consolidation was studied using the 
same experimental paradigm as was used in this study. The 
agents we have used earlier were 2,6 diaminopurine, 
hypoxia, hypoxia-hyperoxia and 20 yl intracisternal injec- 
tion of saline [1, 3, 5, 7, 8]. 

Each phase of consolidation is made up of three seg- 
ments: a rising segment (formation) a plateau (holding) and a 
falling segment (decay). 
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Table 1 lists the experimentally observed component 
segments of the ME curves which make up the model, to- 
gether with the agents (including DDC and EA) which were 
used to reveal their individual existences. 

All of the points in Fig. 3 have been normalized by ex- 
pressing the average test data of each experimental group of 
animals (TTC,..,.:) aS a percentage based on a scale on which 
the training performance of naive animals (TTCyaive) was 
taken as zero and the test performance of control animals 
(TTC.ontro:) Was taken as 100%. The scale is arbitrarily re- 
ferred to here as ‘‘Memory effectiveness’ (M.E.) (Details of 
the calculation were given in [3]. 

The involvement of four memory-holding mechanisms, 
each having a different physico-chemical basis, in the con- 
solidation of memory, is inferred from the selective suscep- 
tibility of memory at various times following training to the 
various agents employed. The graph in its entirety may 
therefore be regarded as a quantitive and temporal descrip- 
tion of the way in which these memory-holding mechanisms 
are involved in the consolidation of memory. 

The transient nature of the amnesia produced by DDC 
indicates that state-dependent learning is not an admissible 
explanation of the phenomenon since the learned behaviour 
can be elicited in the absence of the drug at a later time. 

From the normalized DDC data, superimposed in Fig. 4 
on our earlier hypoxia data, it may be clearly seen that both 
of these agents produce transient amnesia with the same 
delay on onset, same time courses of decay, and the same 
time course of recovery. Since it was proved that hypoxia 
specifically prevented the formation of a definite phase of 
memory consolidation, and was not interferring with per- 
formance through some non-specific mechanism, this re- 
markable coincidence of the DDC and hypoxia-induced am- 
nesias suggests very strongly that DDC prevents the forma- 
tion of the very same phase. There are several other aspects 
of these experiments which indicate that the effect produced 
by DDC is not due to a transient non-specific interference 
with behavior resulting from brain NE depletion. First, 
memory was present at 10 min despite the low brain NE 
level, and the NE level had returned to normal by 90 min 
when the amnesia was maximal. Second, the time of re- 
covery of memory does not coincide with the time of the 
restoration of NE to its control level. Thus there is no corre- 
lation between the NE levels at the time of test, and test 
performance. Third, in the case of DDC as in the case of 
hypoxia, the DDC-susceptible treatment period is linked to 
the time of training and not to the time of testing. Thus there 
is a correlation between NE levels shortly after training and 
subsequent test performance. 

A parsimonious explanation of the above experimental 
facts is that both DDC and hypoxia prevent the formation of 
the same memory-holding mechanism which we have previ- 
ously termed MTM [3]. This implies that the descending and 
ascending limbs of the observed ME time curve following 
DDC represent the unmasked fall of STM and the unmasked 
rise of LTM, respectively. Although we have not demon- 
strated that the recovery of memory following DDC can be 
prevented by DAP as in the case of hypoxia, it seems likely 
that this will prove to be the case, since the time course of 
recovery of memory in the DDC expt is identical with the 
time-course of LTM growth in the hypoxia experiments. 

DDC has been used by several other researchers in their 
investigations of the mechanisms of memory formation 
[10,12] and was found to prevent LTM formation. As is often 
the case in this field, a detailed comparison of our results 
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TABLE | 


EXPERIMENTALLY DEMONSTRABLE COMPONENT SEGMENTS OF 
THE 4-PHASE GRAPH OF MEMORY CONSOLIDATION, THEIR TIMES 
OF OCCURRENCE AND THE AGENTS USED TO UNMASK THEM 





Memory phase 
name and 
segment 


Unmasking 
agents 


Time 


(min) Reference 





VSTM 
Hypoxia-hyperoxia* [5], 
pony Ethacrinic acid this paper 
STM 
Formation 
Plateau 
Decay 
MTM 


Hypoxia, DDC 
Hypoxia, DDC 


[3], this paper 
[3], this paper 
ia* 3 

Formation Delayed Syponia [3] 
Ethacrinic acid this paper 


Plateau 
Decay 
LTM 


Formation 90-240 


DAP, 20 ul IC inj. 


aa {1, 7, 8] 


180-300 


{1,3], 
this paper 


Hypoxia-DAP 
DDC 

Plateau 

Decay 





Times are measured from the end of training. 
*Inferred from results of delayed testing. 


with those already published is hardly warranted in view of 
differences in the training and testing paradigm, drug dosage 
and route of administration, time of testing and other exper- 
imental procedures. Thus for example the dose of DDC we 
injected intracisternally amounted to only 1I-5% of the 
amount injected IP in the studies referred to above, so that 
we obtained a depression of the NE level which was of short 
duration, whereas others using a large dose obtained a de- 
pression which lasted some 4 hours. Since NE injected as 
long as 2 hours after training was found to re-enable LTM 
development [12], it may well be that NE is also involved in 
LTM formation at a later time following training. 

The brief, delayed transient amnesia obtained following 
the intracisternal injection of a small dose of EA (Fig. 2) had 
a time course which was quite different from that obtained 
either with DDC or following hypoxia. The onset of the am- 
nesia was delayed for 1'/2 min after training and possibly 
somewhat longer, Amnesia was almost complete about 10 
min after training but memory was spontaneously reestab- 
lished by 30 min after training. 

The observed effect of EA did not appear to be due to a 
non-specific effect of EA on performance, since the effect 
was absent when the drug was given either 45 min before or 
10 min after training and testing was carried out 55 min after 
injection, as in the main experiment. Furthermore, the fact 
that the drug was ineffective when given 45 min prior to 
training seems to indicate that its inhibitory effect does not 
persist for more than about 55 min, since it would otherwise 
have been expected to produce the same effect as when it 
was given 30 min prior to training. 

The EA data has been normalized by recalculating it as 
ME and has been superimposed on an enlarged section of 
our four-phase consolidation model (Fig. 5). It is evident 
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FIG. 4. Superimposition of normalized DDC data (open circles) on 
hypoxia data (broken line). 


from the figure that the result obtained using this agent may 
be parsimoniously interpreted as (1) the unmasking of a de- 
scending limb on the ME graph representing the decay of an 
early memory holding mechanism, and (2) the unmasking of 
an ascending limb representing the development of a later 
memory holding mechanism. The good fit of the EA data to 
the curves representing the decay of VSTT (inferred from 
hypoxia-hyperoxia data) and the growth of MTM (inferred 
from delayed hypoxia data) (3) strongly suggest that it is 
these curves which have been unmasked by the elimination 
of STM. It thus seems reasonable to infer, as did Rogers e/ 
al. [11] in the case of the chick, that EA prevents STM 
formation but does not affect VSTM, MTM (their labile 
memory) or LTM formation. 

When the existence of a memory-holding mechanism with 
a lifetime shorter than that of STM was inferred from our 
hypoxia-hyperoxia data, we referred to it a ‘‘very short term 
trace’’ rather than VSTM because at that time it was not 
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FIG. 5. Superimposition of EA data A recalculated as **‘Memory 
Effectiveness’ on an enlarged section of our multiphasic consolida- 
tion model. The ME at 90 min was 103, and at 5 hr 62. 


known if it was a retrievable engram. The results of the EA 
experiments seem to indicate that it is in fact retrievable 
hence we will refer to it in future as VSTM. 

The usefulness of our memory consolidation model will 
depend largely on two factors. The first of these is the extent 
to which it will be able to account for additional data ob- 
tained using the same behavioral paradigm with other agents 
singly and in various combinations. The second factor which 
will determine the usefulness of this model is the extent to 
which correlations can be found between it and similar 
models obtained with different paradigms, different species 
and different agents. 
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GRILLY, D. M. AND J. P. DUGOVICS. Effects of immobilization stress on shock discrimination performance in rats. 
PHYSIOL. BEHAV. 296) 1077-1081, 1982.—It has been suggested that acute stress induces analgesia in rats and mice. 
However, stress can have a myriad of debilitating effects on organisms, and it is not clear whether stress decreases the 
perceived intensity of the painful stimulus (i.e., a change in sensitivity) or decreases the willingness or ability of the 
organism to carry out the appropriate bodily movement (i.e., a change in responsivity). Since traditional animal analgesia 
tests confound sensitivity with responsivity, we assessed the effects of immobilization stress on rats trained on a two-choice, 
two-shock discrimination task, in which the dependent measures are presumably less reflective of alterations in pain 
responsivity. Immobilization stress significantly disrupted shock discrimination performance, with the disruption occurring 
primarily in choice performance signalled by the higher intensity shock discriminative stimulus. These effects completely 
dissipated with successive daily exposures to stress. The data suggest that immobilization stress has a specific effect on 
pain sensitivity which is separate from its possible effects on pain responsivity. 


Stress Shock discrimination Pain sensitivity 


Pain responsivity Rats 


A NUMBER of treatments have been suggested to alter 
nociceptive processes, possibly mediated through endorphin 
systems (see [3, 6, 7, 8] for reviews). Several types of stres- 
sors have been noted to have analgesic-like actions in a 
variety of mouse and rat analgesia tests, e.g., the hot-plate 
test [2,23], tail flick tests (radiant heat [1,8] and hot water 
[27]), various writhing tests [9,27], the jump-flinch test [6], 
various shock escape tests [11, 14, 16], tail- or paw-pinch 
tests [6,23], and the Formalin-induced withdrawal test [2], 
among others. All these tests measure the relative presence 
or absence of an organism’s bodily movement or its latency 
in the presence of a noxious stimulus. Since stressful stimuli 
can have a myriad of debilitating effects on organisms, it is 
not clear whether the analgesia-like actions of stress are due 
to the decreases in the perceived intensity of the painful 
stimulus, i.e., a change in sensitivity, or decreases in the 
willingness or ability of the organism to carry out the appro- 
priate bodily movement due to changes in pain responsivity 
[2,3] or performance deficits [10, 12, 13, 19, 34]. 

A recently developed pain assessment technique utilizes a 
discrete-trial, two-choice discrimination paradigm in which 
one choice response is appropriate when the discriminative 
stimulus (typically an electric shock) is painful and another 
choice response is appropriate when the discriminative 
stimulus (either shock absence or shock just above the de- 
tection threshold) is not painful [19,25]. Under appropriate 
conditions, performance on such a task is assumed to reflect 
changes in the perceptual recognition of pain rather than 
changes in responsivity to pain [18, 19, 25, 26]. Previous 
reports have shown that doses of morphine sulfate in the 
minimally effective range (2-5 mg/kg IP) in other rat/mouse 
analgesia tests [13] impair shock discrimination performance 


[18, 19, 20, 21, 25]. It should be pointed out that these doses 
of morphine also disrupt discrimination performance based 
on non-aversive stimuli [20,25], indicating that even this pro- 
cedure is capable of producing false positives with respect to 
analgesia. The effect of morphine on shock discrimination 
performance is blocked with naloxone (unpublished obser- 
vations from this laboratory). Tolerance develops with suc- 
cessive daily doses (5 mg/kg administered once a day) of 
morphine [21]. Finally, discrimination performance is 
temporarily enhanced (at least with respect to choice re- 
sponses when the high shock is the discriminative stimulus) 
during abstinence following chronic exposure to small doses 
of morphine or following a single exposure to a relatively 
large dose of morphine [21]. 

Our first attempt to see if stress induces an analgesic-like 
effect on shock discrimination performance took into ac- 
count the fact that in our procedure rats are exposed to a 
series of footshocks in each session, possibly inducing an 
analgesic effect resulting in discrimination performance de- 
clining at some point within the session. We performed a 
trial-by-trial analysis of the first 60 trials of 100 typical test 
sessions (using 0.075 and 0.25 mA shocks of 40 msec dura- 
tion as discriminative stimuli) for trained rats. There was no 
indication of any consistent changes in discrimination per- 
formance across the trials. This suggests that: (1) the shock 
intensities used in the task are not sufficiently stressful to 
exert an analgesia-like action—the duration or intensity of 
these shocks are considerably lower than those reported to 
induce ‘‘analgesia’’ (e.g., [1, 2, 8, 11, 12, 23, 28, 29]): or (2) 
tolerance to the stress had developed prior to our making 
these observations; or (3) shock discrimination performance 
is not affected by this type of acute stress. The purpose of 
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the present experiment was to assess the effects of a stressor 
unrelated to shock (immobilization) on the shock discrimi- 
nation performance of well trained rats. Immobilization 
stress has been shown to exert an analgesic-like effect in rats 
in the hot-plate test [2]. After establishing that immobiliza- 
tion stress did exert an analgesic-like effect, we attempted to 
see if tolerance would develop to the effect. 


METHOD 


Animals 


Twelve male Sprague-Dawley rats (Harlan/Sprague- 
Dawley, Madison, WI) were used. They were approximately 
390-450 days of age at the beginning of the experiment. The 
animals were housed in individual cages and maintained at 
80% of their free-feeding body weights through food depri- 
vation. Under normal conditions the rats were fed approx- 
imately every 24 hr (range =20-26 hr) right after discrimina- 
tion training sessions. Water was available at all times in 
their cages. Prior to this study, five of the rats had been 
tested following different food deprivation conditions, rang- 
ing from ad lib food to 48 hr food deprivation, to assess the 
effects of alterations in food motivation on shock discrimi- 
nation performance. 

The apparatus consisted of a Plexiglas T-maze with the 
dimensions of 28 x 13 x 15 cm for the start box, 13x 13 15 cm 
for the choice area, and 25x13x15 cm for the goal arms, 
which contained small dishes for reinforcers (45 mg Noyes 
food pellets). The floor of the start box, through which 
shocks were delivered by constant-current AC shock 
generators (Lafayette Instruments, model 82400), was con- 
structed of 0.25 cm stainless steel rods spaced 1.0 cm apart. 
Shock duration was controlled by Lafayette Instruments 
timers (model 5400A). 


Procedure 


Prior to the experiments, all animals were trained on the 
shock intensity discrimination task, in which the discrimina- 
tive stimulus for the correct choice in the T-maze was a 
single 40 msec shock of either 0.075 or 0.25 mA delivered 
through the floor to the rat’s feet. Half the animals were 
trained with the lower shock signalling reinforcer availability 
in the left arm and the higher shock signalling reinforcer 
availability in the right arm; the other half were trained with 
the reverse conditions in effect. 

A trial began with the experimenter rattling the Plexiglas 
start box door. When the rat faced the center of the start box 
door and had all four paws in contact with the floor grid, the 
discriminative signal (the 0.075 or 0.25 mA shock) was then 
presented, and the start box door was immediately lifted. 
After the rat reached a goal area, where correct choices were 
reinforced with a food pellet, the choice was recorded, and 
the rat was returned to the start box for the next trial. The 
order of trial (high or low shock) followed a random 
schedule, excluding series of more than three consecutive 
trials of the same signal, each signal occurring equally often. 

When the group average proportion correct to both shock 
stimuli reached approximately 0.85, the shock levels of the 
discriminative stimuli were then reduced to 0.05 and 0.15 
mA. We have found the 0.05 mA shock at 40 msec duration 
to be discriminable from shock absence in our task; how- 
ever, continuous exposure to the 0.05 mA shock for 15 sec 
does not elicit escape behavior. This indicates that the 0.05 
mA shock is detectable but not aversive. The 0.15 mA shock 
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at 40 ms duration produces a slight non-habituating flinch 
and elicits escape behavior if administered continuously for 
several seconds in the start box of the T-maze, which indi- 
cates that the 0.15 mA shock is aversive. Thus, these shock 
intensities appear to be reasonably close to values we have 
suggested [19] to be appropriate for assessing pain in this 
task. 

Training continued until proportion correct stabilized at 
0.80+0.05 for all animals, at which point each animal had 
received a total of approximately 3600 trials (+180) over 
30-50 training sessions. 

For experimental sessions, the animals were exposed to 
immobilization stress for either 30 min (n=6) or 70 min 
(n=6), immediately after which they were tested in the shock 
discrimination apparatus. Immobilization § stress was 
produced by placing the animals in a snug-fit Plexiglas re- 
straining tube. Adequate ventilation was provided by means 
of holes at the sides of the tube. Each animal was exposed to 
the same experimental treatment on two occasions approx- 
imately one week apart. On the three days prior to each 
experimental treatment session, testing was conducted to 
establish baseline levels for statistical analyses. The data 
used for statistical analysis consisted of the combined results 
of the two experimental treatment (stress) sessions and two 
randomly chosen sessions from the baseline (control) ses- 
sions. Ten days after the second stress treatment session, 
five animals from the 30 min stress group were then exposed 
to 30 min of immobilization stress on 22 consecutive days to 
assess tolerance development. Shock discrimintion perform- 
ance was assessed on seven of the 10 prestress days and 
immediately following the first, seventh, twelfth, fifteenth, 
sixteenth, nineteenth, twenty-first, and twenty-second stress 
exposures and one hour prior to the twentieth stress expo- 
sure. One animal died of unknown causes the day following 
the twenty-second stress exposure. All treatment and 
baseline control sessions consisted of 60 trials, 30 per 
stimulus. 

An 8:00 a.m. to 8:00 p.m. light-dark cycle was employed, 
and all test sessions were conducted between 11:00 a.m. and 
4:00 p.m. 


RESULTS 


The acute effects of either 30 min or 70 min of immobili- 
zation stress on proportion correct to the low and high shock 
stimuli are shown in Fig. 1. The decrease in overall propor- 
tion correct following stress was highly significant, 
F(1,10)=41.20, p<0.01. There was also a significant interac- 
tion between Shock Level and the presence vs absence of 
Stress factor, F(1,10)=5.73, p<0.05. The main effect of 
Stress Time was not significant nor were any of the interac- 
tions involving this factor significant. A significant interac- 
tion between Shock Level and the presence vs absence of 
stress indicates that stress affected low and high shock sig- 
nalled performance differentially. Subsequent f-tests for 
paired comparisons (with the data from the two Stress Time 
groups combined) indicated that stress significantly affected 
overall discrimination performance, f(11)=7.43, p<0.01, ac- 
counting for approximately 62.5% of the variance [22], low 
shock signalled performance, 1(11)=2.42, p<0.05, account- 
ing for approximately 12.2% of the variance, and high shock 
signalled performance, #(11)=7.50, p<0.01, accounting for 
approximately 64.4% of the variance. The discriminative 
stimulus shock level resulted in significant differences in 
choice performance under stress, #(11)=2.30, p<0.05, ac- 
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FIG. 1. Average proportion correct choices (+1 S.E.M.) to the 0.05 
mA and 0.15 mA shock stimuli as a function of stress treatment. 


counting for approximately 17.3% of the variance, but low 
and high shock performance was not significantly different 
under control conditions, t<1.0. 

Immobilization stress appeared to increase the length of 
the test sessions an average of 42 sec (from 600 sec to 702 
sec), but this effect was not significant, 7(11)=1.73, p>0.10. 

The effects of successive daily exposure to 30 min of 
immobilization stress on shock discrimination performance 
are depicted in Fig. 2, which indicates that tolerance devel- 
oped to the effects of stress after approximately 21 daily 
exposures. However, since appropriate control animals were 
not tested, it is not clear to what extent the rate of tolerance 
development was dependent on stress exposure vs stress 
exposure plus discrimination testing. 

In Fig. 2 it appears that discrimination performance, par- 
ticularly to the high shock, is elevated on the probe test 
(where discrimination performance was assessed prior to the 
twentieth stress exposure). This is consistent with a mild 
hyperalgesic withdrawal effect [21]. Unfortunately, no de- 
finitive conclusion about this can be made because of the 
lack of an appropriate unstressed control group. 


DISCUSSION 


The results of this experiment indicate that immobiliza- 
tion stress immediately prior to shock discrimination testing 
is detrimental to the choice performance of rats and that the 
effect dissipates with successive exposures to this type of 
stress. This tolerance to stress-induced analgesia is consis- 
tent with a number of studies using other analgesia assays 
and stressors [1, 2, 6, 28, 29]. There was also a greater tend- 
ency for stressed rats to make low shock signalled choices in 
the presence of the high shock discriminative stimulus than 
to make high shock signalled choices to the low shock dis- 
criminative stimulus. This would be consistent with an 
analgesia action with respect to pain sensitivity [18]. Essen- 
tially, the task is a signal detection paradigm in which the rat 
must decide which of two events (‘‘noise,”’ i.e., the low 
shock, or ‘‘signal,’’ i.e., the high shock) has occurred and 
respond accordingly. Behavior in this task has been shown 
[18,19] to conform to the assumptions of signal detection 
theory (SDT) [15]. According to SDT, a pure analgesic which 
affects only the perceived intensity of the higher shock 
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FIG. 2. Average proportion correct choices to the 0.05 mA (dia- 
monds) and 0.15 mA (squares) shock stimuli across daily sessions. 
Open symbols indicate test performance without stress pretreatment 
and closed symbols indicate test performance immediately following 
30 min of immobilization stress. Note that the data for days follow- 
ing the chronic stress regimen are based on four rats, as one rat died 
after the 22nd stress session. 


would initially produce a large decrease in high shock 
choices while having no effect on low shock choices. With 
continued exposure to these altered conditions, the number 
of errors made to the two discriminative stimuli would be 
expected to equalize [18]. However, the dynamics of the 
paradigm do not necessarily dictate that an analgesic treat- 
ment produce such a differential effect. For example, it has 
been argued that there are several potential effects of anal- 
gesic and hyperalgesic treatments when the noise is not 
‘*true’’ noise (i.e., shock absence), so that the neural activity 
to both the noise and signal may shift in their presence [18, 
19, 21, 33]. The relative degree of the shifts would depend on 
the magnitude and type of analgesic or hyperalgesic treat- 
ment (e.g., whether it differentially affects weak pain and 
intense pain), the actual intensities of the noise and signal, 
the number of exposures to altered noise and signal condi- 
tions, etc. [18]. These hypothetical dynamics would also de- 
pend upon how much of the effect of a treatment on shock 
discrimination is directly related to its nociceptive-altering 
properties vs its effects on nonspecific ‘‘perceptual- 
conceptual-judgmental”’ processes or the organism’s moti- 
vational state. There are data that indicate that stress (sig- 
nalled or unsignalled shock) can interfere with S° vs S4 con- 
trolled operant response rate in rats [24], and analgesics like 
morphine may have a strong effect on general perceptual or 
conceptual processes unrelated to pain perception [20,25]. 
The extent to which immobilization stress exerts similar ef- 
fects which could interfere with shock discrimination per- 
formance in the present task is unknown. There is also a 
question as to the specificity of the immobilization stress 
effect in the present paradigm, as both opioid and non-opioid 
systems appear to be involved in some types of stress- 
induced ‘‘analgesia’’ [3, 6, 8, 23, 28]. 

The stress-induced effects noted in this study are prob- 
ably not related to deficits in food related motivation as we 
have not found shock discrimination performance to be af- 
fected by switching the animals from the 24 hr food depriva- 
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tion regimen to ad lib food conditions for several days prior 
to testing. The animals sometimes fail to move from the start 
box after several trials or are more difficult to coax back into 
the start box after a trial, but their choice performance is not 
significantly affected by this kind of treatment. Extending 
the deprivation interval to 48 hr also has no significant effect 
on choice performance. While these latter findings appear to 
conflict with studies suggesting that nociceptive processes in 
rats and mice are affected by food deprivation [5, 17, 30, 31], 
it should be pointed out that in some animal analgesia tests 
[5, 11, 32] food deprivation-induced alterations in nocicep- 
tion have not been found. Furthermore, in those tests where 
alterations were found, food deprivation was introduced 
abruptly, whereas with our procedure the rats are exposed to 
a variety of food deprived states during their training. 

The results of the present study support others [4] indicat- 
ing that immobilization stress has an action separate from 
motor deficits which have been shown to occur following 
some stressors [12,34] and which could have been a factor in 
those studies using assays in which reaction time or bodily 
movement is the dependent measure of pain [10, 13, 19]. The 
stress-induced effects noted here are also different than the 
‘‘analgesia’’ induced by conditioned fear stress, which in- 


GRILLY AND DUGOVICS 


duces increasingly larger effects [8], and by brief exposure to 
intense shock, which does not result in tolerance [28]. 

Our data suggest that immobilization stress reduces the 
ability of rats to differentiate an inherently aversive shock 
from a non-aversive shock, i.e., decreases pain sensitivity. 
Other investigators [2,3], finding that immobilization stress 
in the hot-plate test lengthens the latency for escape 
(presumably mediated by the reactive/affective components 
of pain) but not the paw-lick (presumably mediated by the 
sensory/perceptual components of pain), have proposed that 
stress decreases pain responsivity rather than pain sensitiv- 
ity. This hypothesis is dependent upon the assumption that 
the paw-lick is a reliable and valid measure of pain sensitiv- 
ity. Such an assumption is difficult, if not impossible, to 
verify. However, it may be that certain stressors decrease 
both pain responsivity and sensitivity but do so differen- 
tially. 
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KORT, W. J. AND J. M. WEIJMA. Effect of chronic light-dark shift stress on the immune response of the rat. PHYSIOL. 
BEHAV. 296) 1083-1087, 1982.—During a period of 35 weeks the night-day pattern of inbred Brown Norway female rats was 
changed weekly by alternating the light-dark (L-D) rhythm. After a period of 2 months, in a number of the animals, the 
cellular immune response was measured by means of Concanavalin A stimulation of peripheral blood (Con A) and a 
Popliteal Lymph Node Assay (PLNA). Serum corticosterone, plasma free fatty acids and peripheral leucocytes were 
determined as well. Seven months thereafter the remaining animals were sacrificed after which adrenal gland weight and 
spleen weight were established. Additionally, blood glucose and corticosterone were measured (corticosterone in vitro 
activity as well as the serum level). Both Con A and PLNA showed a significantly decreased immune response in the L-D 
shift stress group. Adrenal cortical activity measured in vitro as well as in vivo did not show any significant changes, 
neither at 2 months nor at 9 months. Therefore, the observed immunosuppressive effect of chronic light-dark shift stress 
can not be explained by an increased adrenal cortical activity. Other possible explanations for the effect of the light-dark 


shift stress on the immune response are discussed. 


Stress Light-dark shift Immune response 





IN experimental animals it is difficult to obtain situations in 
which chronic stress can actually be considered as effective 
chronic stress. In many situations in which chronic stress 
was the experiment’s objective, adaptation or habituation 
took place in such a way that repetition of the induction of 
stress, after some time, was not experienced as a harmful 
procedure anymore. 

Prolonged exposure of stress of a type hostile and adverse 
to the animal will irrevocably lead to *‘the General Adapta- 
tion Syndrome’’ (GAS) as described by Selye [25]. Less 
hostile ways of inducing chronic stress, such as lifelong ex- 
posure to noise, lead to habituation and partly loss of hearing 
as a method to overcome the harmful experience [4]. Other 
methods of mild chronic stress, which may potentially have 
some capacities as a method of actual chronic stress, such as 
isolation stress or prolonged sequential bleeding [5,28], will 
encounter logistic problems when used in large groups of 
animals. 

In the present investigation, it was our aim to obtain a 
model, in which it was possible to study, in large groups of 
animals, mild chronic stress not leading to GAS or habitua- 
tion, in order to study the evoked changes on the immune 
response and, in future studies, the changes on 
tumorigenesis. 

Reversing the light-dark cycle of man and animal inter- 
feres with the individual’s sleep-wakefulness pattern. The 
rat, a nocturnal animal, eats and drinks and exhibits most 
activity during night [8,31]. This means that a 12 hour L-D 
shift leads to reversal of the rat’s behavior pattern. Hormone 
levels and those of other metabolites following a circadian 
rhythm have to be reset. Hence, rats undergoing chronic 
L-D shifting are exposed to changes of the homeostasis, 


which is repeated with every new cycle; as such, L-D shift- 
ing can be defined as a stressful procedure [28]. Because 
adaptation to light and dark comes about endogenously, this 
will not lead to habituation of the biological system. In exper- 
iments in which L-D shifts were studied, it was found that 
reestablishment of eating and drinking pattern took place 
after 7-9 days [31]. Therefore, in the present study, a 7 days 
interval of L-D shifts were chosen. Acute stress and immune 
response has been a subject to numerous studies [3, 
23, 26]. Diseases subject to a decreased immune capacity 
were noted to occur in high frequency [22, 23, 26]; tumor 
induction was facilitated [2, 19, 21, 23] and graft survival was 
prolonged [14,22]. In studies in man, chronic emotional 
stress led to determinable immune changes [3]. It was sup- 
posed that these changes might lead to promotion of tumor 
induction [27]. Therefore, it appears to be very interesting if 
chronic L-D shifting in rats might mimic at least some of the 
phenomena as has been described for chronic stress in man. 
In the present study, L-D shift stress was given to rats, 
after which cellular immune response was measured. More- 
over, some determinations were carried out to elucidate the 
underlaying mechanism of the possible immune changes. 


METHOD 
Experimental Design 


The experiment consisted of 2 groups of 50 animals each. 
One of the animals out of the L-D shift stress group died 
spontaneously at 9 weeks old due to broncho-pneumonia. 
For every determination at least 10 animals per group were 
used. Seven weeks after starting the experiment, out of both 
groups, 10 animals were randomly selected and blood sam- 
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ples were drawn to determine serum corticosterone, plasma 
Polyunsaturated Fatty Acids (PUFA), the number of periph- 
eral blood leucocytes and Concanavalin A stimulation of pe- 
ripheral blood (Con A). Furthermore a Popliteal Lymph 
Node Assay was carried out in (BNXWR)FI hybrids 
(PLNA). Twenty-eight weeks later the experiment was ter- 
minated. Animals were killed by exsanguination, after which 
adrenal gland and spleen weight was established. Decapita- 
tion was carried out between 10 AM-2 PM on one single day, 
in such a way, that L-D shift stress rats were at the end (+7 
days) of their period, in which the light-dark regimen was the 
same as the controls. Corticosterone was measured in a 
number of animals in blood serum as well as the ‘‘in vitro 
synthesis capacity’’; lastly, determination of blood glucose 
was carried out. During the course of the experiment body 
weight was assessed at 14 day intervals. 


Animals 


Highly inbred female Brown Norway (BN) rats, obtained 
from the University Breeding Centre, were used. At 6 weeks 
old, the animals were randomly selected into the 2 experi- 
mental groups. The FI hybrid animals, necessary for the 
PLNA were bred by mating BN male to inbred Wistar/Rot- 
terdam (WR) females. When the offspring were 7 weeks old 
the males were used in the assay. 


Light-Dark (L-D) Shift Stress 


Every Friday the automatic timer, controlling the light of 
the animals undergoing L-D shift stress, was changed for 12 
hours. Control animals were housed under standard lighting 
regimen: 7 a.m.—7 p.m. light and 7 p.m.—7 a.m. dark. Both 


animal rooms were adjecent and were at that time exclu- 
sively used for the animals in the present experiment. 
Moreover, the rooms were identical in temperature, humid- 
ity, airconditioning and basic background noise level. Han- 
dling of the animals was carried out during daytime, twice a 
week for cleaning and refreshing of drinking water. In the 
dark phase, infrared light was used to perform the necessary 
handling. 


Corticosterone 


Serum corticosterone was determined in 20 ul of serum, 
obtained after decapitating the animals, following a 
radioimmunoassay method described by de Jong and van der 
Molen [13]. Corticosterone in vitro, which method is a reli- 
able index of in vivo cortical activity [30], was carried out 
according to the method of Saffran and Schally [24]. 


Plasma Polyunsaturated Fatty Acids (PUFA) 


PUFA were determined in 0.4 ml plasma using a gas liq- 
uid chromatography technique. The method of extracting the 
free fatty acids was described by Gneushev et al. [9]. After 
extracting the free fatty acids, the solution was esterified 
with BF3 as was described by Morrison and Smith [18]. For 
this study only PUFA (being predominantly linoleic acid and 
arachidonic acid) were taken into further consideration. 


Leucocytes 


Peripheral blood leucocytes were determined in 0.02 ml of 
heparinized blood, gathered at decapitation, using a Sysmex 
Microcellcounter (Japan). Estimation of the % lymphocytes 
(necessary for the Con A) was done by making a smear with 
a drop of heparinized blood and counting 100 cells. 
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Glucose 


Blood glucose was determined using a_ standard 
colorimetric method using a commercial kit (Dextrostix®, 
Ames). 


Organ Weights 


Immediately after decapitating, the spleen and adrenal 
glands were excised, kept on saline moistened filter paper, 
cleansed from surrounding adipose tissue and weighed to the 
nearest 0.1 mg. 


Concanavalin A Stimulation of Peripheral Blood (Con A) 


Con A was carried out using 10° leucocytes in whole pe- 
ripheral blood. Harvesting was performed after 4 days of 
culturing. Sixteen hours before this, 0.8 wCi 3H-thymidine 
was added. Each determination was carried out in quadrup- 
licate. Con A_ stimulation was expressed as_ count- 
s/min/culture. 


Popliteal Lymph Node Assay (PLNA) 


A local graft versus host assay, measure of specific cell 
mediated immunity, was carried out according to the method 
described by Levine [15]. After local injection of parental 
cells into Fl hybrid recipients a localized form of graft- 
versus-host disease will be the result. When intradermal cells 
are injected in one of the foot pads this graft-versus-host 
reaction takes place in the popliteal node draining the inocu- 
lated foot. In this study the procedure used was as follows: 
0.2 ml of whole heparinized blood was taken from the exper- 
imental animals via orbital puncture and injected into the left 
foot pad of non stressed (BN xX WR)F1 hybrids. Seven days 
after injection of the blood into the test animals, the popliteal 
lymphnodes were excised, cleansed and weighed in tenth of 
mgs. Graft-versus-host reactivity was measured as mean 
lymphnode weight. 


Statistical Evaluation 


Statistical evaluation of the results was carried out using a 
Student t-test for 2 means to test the hypothesis that the 
difference between the means was negligible at a significance 
level of 5%. 


RESULTS 


The results of the present study are depicted in Tables | 
and 2. After 7 weekly shifts of the light-dark cycle, Con A 
stimulation was significantly depressed in the L-D shift 
stress group, #(18)=5.12, p<0.001. Also peripheral leuco- 
cytes were markedly decreased, 1(38)=5.84, p<0.001. Be- 
cause the values of Con A are not corrected for the 
number of leucocytes, cellular immune capacity “in toto”’ of 
the animals undergoing L-D shift stress will be even more 
altered. Cellular immunity as measured by PLNA fortified 
these latter results, in comparison with PLNA values of the 
controls, PLNA was decreased for 20% which difference 
was Statistically significant, 1(18)=3.36, p<0.01. L-D shift 
stress resulted in a 15% elevation of the plasma PUFA level, 
1(18)=4.73, p<0.001. 

A difference in body weight could also be assessed: 
stressed rats were 5% less in body weight than the controls, 
1(97)=3.41, p<0.01. 

However, serum corticosterone levels were not signifi- 
cantly changed, 7(18)=1.11, p<0.75. 
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TABLE 1 
DETERMINATIONS AFTER 7 WEEKLY L-D SHIFTS 


TABLE 2 
DETERMINATIONS AFTER 35 WEEKLY L-D SHIFTS 





L-D shift Controls 


L-D shift Controls 





Serum corticosterone é 65.3 60.4 
ug/100 ml 12.9 I | 
10 10 
Plasma PUFA ‘ 0.39 0.33 
umol/ml , 0.02 0.02 
10 10 
Peripheral leucocytes é 6.0 10.3 
x 10°/ml 0.9 3.2 
20 20 
13,106 43,439 
9,368 16,212 
10 10 
PLNA é 29.2 37.0 
weights in mg 4.4 5.7 
10 10 


Con A stimulation 
counts/min/culture 


Body weight 
weight in g 10.2 
50 


Serum corticosterone 39.0 38.0 
pwg/100 ml 9.8 10.6 
10 
Corticosterone in vitro 19.5 
ug/100 mg adrenal gland/hr S 5.2 
19 
Blood glucose : 5.5 
mmol/l S 1.4 
40 
Adrenal glands L+R 51.5 
weights in mg S 3. 5.3 
40 
Spleen 
weights in mg 


Body weight 
weight in g 





At termination of the experiment, after 35 weekly shifts 
also some differences between the L-D shift stress group and 
the controls could be noted. 

Blood glucose, adrenal gland weight and body weight 
were significantly decreased. Although these differences 
were not more than 5—15%, the findings were consistent and 
as such of importance: glucose 1(77)=2.53, p<0.05; adrenal 
gland weight 1(77)=5.89, p<0.001; body weight, 1(77)=3.35, 
p<0.01. 

Although these latter two parameters are in some way 
interrelated, when adrenal gland weight is given as a ratio of 
the body weight, this difference is still statistically signifi- 
cant. 

Like the determinations carried out after 7 L-D shifts, 
serum corticosterone was not significantly changed after 
another 28 L-D shifts, 7(17)=0.23, p<0.20. The ‘‘in vitro 
corticosterone activity’’ confirmed this finding. Corticoste- 
rone assayed in this manner was slightly decreased in the 
L-D shift stress group, 7(38)=1.39, p<0.85. 

Spleen weight was also somewhat decreased, ¢(77)=0.71, 
p<0.55; however, this difference was equalized when the 
spleen weights were related to the body weights. 

Body weight from which the values after 7 and 35 shifts 
are given, differed throughout the whole observation period. 
Soon after the first L-D shifts, body weight increase in the 
two different groups started to deviate from each other, re- 
sulting in an establishment of the mean body weight of the 
L-D shift stressed rats some 5—10% lower than the controls. 


DISCUSSION 


So far, L-D shift stress has not yet been given as a method 
to induce chronic stress in animals; however, in studies in 
man, it has been demonstrated that disruption of the circa- 
dian rhythm may be regarded as a rather stressful procedure 
[1]. In this latter study, catecholamine, body temperature, 
alertness and mood were strongly affected and adrenaline 
secretion indicated a stress response of the organism. 


In the present study, the effect of L-D shifting is clearly to 
be seen in most parameters. Body weight, a parameter which 
reflects indirectly the effect of stress as far as it influences 
the comfort of the animals [5,28], is lower throughout the 
whole observation period. Although this may be explained 
by changes in drinking and feeding pattern due to L-D shift- 
ing, even after 25 shifts there is no tendency to restore this 
lagging in weight gain. This reflects that permanent L-D 
shifting not only results in acute changes of the homeostasis, 
but that a more permanent disfunction of the metabolism 
also will be noticeable. 

The immunosuppressive effect of the L-D shifting ob- 
served in this study may be another example of one of these 
more long lasting effects. The immunosuppressive effect 
after 7 weekly L-D shifts is rather extensive and may cer- 
tainly result in a higher susceptibility to virus and bacterial 
infection, which has been also observed after acute stress 
[22, 23, 26]. The one animal out of the L-D shift stress group 
which died during the course of the experiment, may have 
been the result of such impaired immuno capacity. Most 
investigators explain the immuno inhibitory action of acute 
stress by its ability to stimulate adrenal cortical activity [23]. 
Serum corticosterone levels are elevated and in some 
studies, the immunosuppressive effect is abolished when 
prior adrenalectomy has been carried out [14]. 

However, in the present study the immunosuppressive 
effect on the cellular immune system is not attended by sig- 
nificantly increased levels of corticosterone. Also corticoste- 
rone levels after 35 L-D shifts were not elevated; on the 
contrary, the values tended to be lower than the control 
values, in serum as well as been measured in vitro. 
Moreover, adrenal gland mass was clearly diminished in the 
stress group. This finding gives us more confidence that it is 
right to conclude that corticosterone and glucose values of 
the L-D shift stressed rats are virtually decreased. We were a 
little reserved in this conclusion because corticosterone and 
glucose undergo a circadian rhythm [7,20], and it might have 
been possible that 7 days after shifting these values still were 
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not synchronized with control non-shift values. However, 
adrenal gland weights can not to such an extent as has been 
measured in this study, been influenced by circadian varia- 
tions. Hence, in respect to a decrease of adrenal gland 
weight, the decreased corticosterone and glucose values 
make some sense. 

Although these latter findings seem somewhat paradoxi- 
cally with the effect of stress on such parameters, this is in 
accordance with other studies on chronic mild stress, in 
which uniformly no increase or also a decrease in adrenal 
activity was observed [3,28]. Also secondary manifestations, 
which are attended with increased serum corticosterone 
levels were only partly observed; a relative lymphocytopenia 
was manifest, however, loss of tissue mass of the spleen was 
not present (Table 2). 

These observations make it difficult to hold the hypoth- 
esis that the observed immunosuppressive effect of chronic 
stress can be explained by a direct action of adrenal gland 
activity. Also in the study of Monjan and Collector [17], 
chronic stress induced modulation of the immune response 
was not attended by an increase of cortisol levels. Moreover, 
although the immunosuppressive effect of exogenous corti- 
costerone administration is well known, it is very difficult to 
explain an immunosuppressive effect because of increased 
levels of endogenous corticosterone. Since such an increase 
of plasma corticosterone from stress reaches levels many 
times lower than plasma levels necessary to induce im- 
munosuppressive effects by means of corticosteroid therapy. 
Still it remains possible, that changes in corticosterone levels 
(temporarily or permanently) cause interactions in biochem- 
ical systems with more direct relevance to the cellular im- 
mune response. 

Interesting, for instance, is the simultaneous rise of corti- 
costerone and plasma free fatty acids (FFA) after acute 
stress [10]. The rise in plasma FFA due to stress is not only 
controlled by adrenergic factors [10]. Therefore plasma FFA 
levels may reflect some other aspects of the action of stress 
on the organism than corticosteroid levels. 

The consequence of different levels of PUFA in relation 
to immunosuppression has been a subject of many research 
studies [29]. In vitro T-cell activity is depressed when the 
substrate contains increasing amounts of PUFA [29]. A 
number of explications for this phenomenon have been 
given, such as: differences in membrane fluidity, alterations 
in cyclic AMP, decreased macrophage function or decreased 
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synthesis of cholesterol [29]. Moreover, linoleic acid and 
arachidonic acid, which are the major part of plasma PUFA, 
are both precursors of certain types of prostaglandins. From 
these prostaglandins several types are known to have im- 
munosuppressive capacities [16]. Therefore, differences in 
the level of plasma PUFA may have some correlation with 
the amount of cellular immunity. Our results support such a 
correlation, because PUFA levels in the L-D shift group 
were significantly higher than in the controls. 

It will be clear that explaining the immunosuppressive 
effect of stress by increased PUFA amounts is still based on 
very little evidence and that much research is needed for 
further support of this statement. Stress, acute as well as 
chronic, has such a tremendous effect on the biological sys- 
tem, that certainly more pathways can be thought of, leading 
to a depressed immune capacity [25]. Interferon, which pro- 
duction is depressed as a result of stress [6], is also a poten- 
tial good candidate for further exploration of the mechanism 
of stress induced immunosuppression. 

The consequences of stress and to be more specific, its 
effect on the immune response are numerous. One effect, 
which may be advantageous in organ transplantation, is the 
delay in rejection of allografts which has been reported in 
animal studies [14,22]. Other effects, certainly detrimentally in- 
fluencing the individual’s condition are: a higher suscepta- 
bility to diseases subject to immunological control [22, 23, 
26] and enhancement of tumor induction [2, 19, 21, 23]. Also, 
in man, epidemiological studies suggest a correlation be- 
tween environmental and occupational factors and cancer 
incidence [11]. Animal studies on stress and cancer devel- 
opment have exclusively been carried out utilising methods 
of acute stress [2, 21, 26]; the effects of chronic stress on 
tumorigenesis is not yet clear. A study, using L-D shift stress 
to investigate the effect of chronic stress on the growth of 
transplantable tumors as well as the influence on spontane- 
ous tumor occurrence is presently under investigation (to be 
published). 
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STELLAR, J. R., J. ILLES AND L. E. MILLS. Role of ipsilateral forebrain in lateral hypothalamic stimulation reward in 
rats. PHYSIOL. BEHAV. 296) 1089-1097, 1982.—The forebrain was ablated unilaterally to a level dorsal to the thalamus 
and anterior commissure. Ipsilateral lateral hypothalamic electrodes were then implanted and the animal was tested for 
self-stimulation behavior. Tests included an initial test for behavioral reactivity to changes in reward level and then two 
estimates of the quantitative relationships between stimulation parameters: the number-current and charge-duration rela- 
tionships. Comparison between these findings and those known for intact rats suggest that the substrate for unilateral 


hypothalamic stimulation reward is not impaired by removal of the ipsilateral tissue. 
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EVER since the original discovery that rats would work to 
obtain bursts of electrical stimulation of the brain [21], re- 
searchers have been interested in the underlying neuro- 
anatomy. A major clue to the anatomy of this self- 
stimulation phenomenon was first suggested by the locations 
of the effective electrode sites which seemed to track, in 
part, the catecholamine pathways as they were revealed by 
histofluorescence [5,12]. Recently, pharmacological evi- 
dence [8, 29, 30] and movable electrode mapping studies 
[3,4] have focused attention on the ascending midbrain do- 
pamine systems and their terminal fields in the forebrain as a 
likely anatomical substrate of self-stimulation reward. In 
addition, descending projections from forebrain sites such as 
the medial prefrontal cortex to the medial forebrain bundle 
may underlie at least part of the reward of hypothalamic 
stimulation [5, 6, 23]. 

This forebrain-hypothalamic hypothesis is somewhat 
complicated by the finding that rats with bilateral destruction 
of most forebrain tissue rostral, lateral, and superior to the 
thalamus have been shown to be able to learn to rear or to 
elevate their tails to obtain electrical stimulation of the lat- 
eral hypothalamus [15,16]. Rats with this lesion are termed 
‘thalamic rats’’ after the highest unlesioned structure re- 
maining in the brain. Given that sites within the brainstem [3, 
23, 24] will support self-stimulation in intact rats, it is possi- 
ble that the self-stimulating thalamic rat is now operating on 
these brainstem circuits. However, the original studies 
[15,16] do not provide enough information as to the extent of 
change in the properties of hypothalamic reward following 
the ablation to estimate what has been subtracted by the 
ablation, much less to support the notion of a shift to ‘‘lower 
systems.”’ In addition it should be noted that thalamic rats 
show little or no extinction when the brain stimulation is 





discontinued and that they have profound general behavioral 
limitations [16]. Therefore, it is difficult to make careful 
comparison to intact self-stimulating animals. 

This report attempts to investigate the extent of change in 
the properties of hypothalamic reward following forebrain 
ablation by applying the quantitative measurement tech- 
niques developed by Gallistel [9]. These techniques permit 
estimation of various parameters of the neural mechanisms 
underlying brain-stimulation reward and thereby allow com- 
parison between lesioned and intact animals. However, they 
require that animals show behavioral sensitivity to changes 
in the level of stimulation (e.g., intensity, frequency, etc.) 
delivered as a reward. Therefore, hemithalamic rats with 
unilateral forebrain ablations and ipsilateral hypothalamic 
electrodes were prepared in hopes of bypassing most of the 
behavioral limitations of the thalamic rat but still permitting 
an analysis of the role of at least the ipsilateral forebrain in 
hypothalamic reward. 

Two experiments are reported. In the first experiment, 
behavioral sensitivity to variation in the level of brain stimu- 
lation is established for hemithalamic rats in the runway. 
This finding specifically permits the use of this paradigm in 
the second experiment in which two aspects of the reward 
substrate are assessed. These two aspects are discussed in 
the second experiment. 


EXPERIMENT | 
METHOD 


Subjects 


Subjects were five male albino rats of the Sprague- 
Dawley strain weighing between 420-455 g at the time of first 
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surgery. Throughout the experiment all rats were housed in 
standard hanging wire cages in a 12 hr light 12 hr dark, day- 
night reversed colony with continuous access to laboratory 
chow and water. 


Surgery 


Rats were first anesthetized with Chloropent anesthesia 
(3 cc/kg) and placed in the stereotaxic device. They were 
then given a left side craniotomy and an unilateral forebrain 
ablation by aspiration. The targets for aspiration were all 
structures superior and lateral to the thalamus and anterior 
to the anterior commissure. These targets included neocor- 
tex, hippocampus, striatum, cingulate and pyriform cortex, 
septum and most amygdala, accumbens, and olfactory bulb. 
During surgery, hemostasis was practiced by elevating the 
animal’s head 10-12 cm above its feet, flushing the area of 
aspiration with saline and packing it with Gelfoam. Follow- 
ing the aspiration, the Gelfoam packing was completed, the 
wound closed and the animal given a 0.2 cc intramuscular 
injection of Crystycillin and a 10-15 cc subcutaneous injec- 
tion of saline. Postoperatively, rats were maintained by two 
daily intragastric intubations of H,O powdered Enfamil, and 
egg yolk as necessary. 

Once animals were feeding normally and body weight had 
recovered to preoperative levels, rats were reanesthetized 
with Chloropent and chronically implanted with a pre- 
constructed bilateral array of 4 monopolar stainless steel 
stimulating electrodes constructed from size ‘00°’ insect 
pins insulated to within 0.25—0.5 mm of the tip with Formvar 
enamal. The bregma-based, level-skull coordinates for the 
electrodes were: AP —2.0, ML +1.8, DV —8.5; AP —4.0, 
ML +1.4 and —1.4, DV —9.0. The implant was anchored by 
dental cement to 4 skull screws placed in the remaining bone 
tissue. These skull screws also served to complete the circuit 
between the electrodes and the stimulator. Other details of 
the electrode construction and the implantation method are 
given in a previous report [11]. 


General Procedure and Apparatus 


Following recovery from the second surgery, rats were 
pretested for self-stimulation by being trained to lever press 
for '/2 second bursts of brain stimulation in the goal end of a 
straight runway. In this experiment, bursts of brain stimula- 
tion always consisted of a preset number of square wave, 
cathodal pulses of 0.1 milliseconds duration that were deliv- 
ered from a constant voltage source. In the pretest, the fre- 
quency of pulses was 100 pulses per second and current was 
varied to produce vigorous self-stimulation. All animals 
which self-stimulated vigorously in the lateral hypothala- 
mus/medial forebrain bundle area on the ablated side were 
employed in the experiment. 

Rats were trained to run the runway for medial forebrain 
bundle stimulation of the ablated side of the brain. Each trial 
began with an intertrial interval of 20 seconds. This was 
followed by 10 bursts of pretrial priming stimulation [11] 
delivered at the rate of | burst/second and each burst con- 
tained 60 pulses. Priming stimulation current was set for 
each rat so as to produce clear arousal without signs of aver- 
siveness, e.g., freezing, defecation and attempts to escape 
the priming box. After the priming stimulation, the animal 
was transferred to the start box of the runway. Following a 6 
second delay, the door opened giving the rat access to the | 
meter straight alley with a lever at the goal end. Pressing the 
goal lever initiated a single burst of brain stimulation pulses, 
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the frequency, current, and number of which were preset. 
Data was collected as the elapsed time from the door drop to 
the lever press and converted into an overall speed score 
which is given in centimeters per second. After pressing the 
lever, a new trial was automatically initiated with the begin- 
ning of the intertrial interval. Trials were run in groups of 11 
with no change in stimulation parameters. On any trial in 
which the rat did not run the runway and press the lever 
within 20 seconds, the rat was picked up by the experi- 
menter, placed on the lever (thereby delivering the stimula- 
tion), and given a running speed score of zero. 


Reward Variation Procedure 


In order to test the rats’ behavioral sensitivity to variation 
in the amount of the brain stimulation reward, the following 
procedure was employed. Rats were first trained to run the 
runway for | burst of 100 pulses of brain stimulation with the 
pulse frequency being set at 100 pulses/second. The stimulat- 
ing current was set so as to produce vigorous running. Prim- 
ing stimulation was fixed as described above. Number of 
reward pulses was then varied in an alternating fashion from 
100 pulses (high reward) to | pulse (low or no reward) every 
11 trials and animal’s running speed was recorded for each 
trial. This alternation procedure was repeated 3 or 4 times 
until the animal’s behavior was stabilized. Then, data were 
collected until 7 alternations of high and low reward had 
been completed. The first high reward condition was dis- 
carded since it was not preceeded by the alternate condition. 
On a trial by trial basis, medians were then constructed to 
show the changes in running speed following a change of 
condition. 


RESULTS AND DISCUSSION 


Recovery from the hemiforebrain ablation operation took 
about 2 weeks while 3-4 days were allowed for recovery 
from the implant operation. Five rats ultimately received 
both surgeries and self-stimulated well enough on electrodes 
on the ablated side of the brain to be included in the study. 
One rat, JI 20, had two good electrodes on the ablated side 
and both were included in the study. 

In the reward variation part of this experiment, all rats 
showed sensitivity to changes in the reward level. When the 
reward level was decreased from 100 pulses to | pulse, all 
animals began running at nearly the same speed as the prior 
condition and then decreased their median running speeds to 
asymptotically low levels within 3-6 trials. When reward was 
increased from 1 pulse to 100 pulses, all animals again began 
running at a speed appropriate to the prior condition and 
then increased their median running speed to asymptotically 
high levels within 2-5 trials. These data are given in Fig. 1. 
Statistical analysis, presented in Table 1, shows that in all 
cases significant differences exist between the first and last 
trial of a session but no statistical difference exists between 
the first trial of a condition and the last trial of the prior 
condition for any animal. This type of variation in running 
speed is similar to that observed in intact rats in a runway 
paradigm [11]. Recently, hemithalamic rats, even with addi- 
tional contralateral damage, were shown to exhibit extinc- 
tion when the reward was discontinued in a free lever- 
pressing paradigm [17]. These findings suggest that 
hemithalamic rats, in general, do not have the extinction 
problems of bilateral thalamic rats [15], even though they are 
stimulated in the hypothalamus on the ablated side. In par- 
ticular, our results permit the standard use of the runway as a 
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FIG. 1. Median trial by trial changes in running speed as reward stimulation was alter- 
nated between high (100 pulses) and low (1 pulse). The high reward condition is indicated 
in open circles and dashed lines, while the low reward condition is indicated in filled 
circles and solid lines. Statistical analysis of the changes in running speed with each 


condition is given in Table 1. 


tool for making more quantitative assessments of the reward 
substrate [9, 10, 11]. 


EXPERIMENT 2 


In this experiment, two parametric measurements were 
made of the neural substrate of self-stimulation in 
hemithalamic rats. They were the number-current and the 
charge-duration trade-off relationships required to keep be- 
havior (e.g., self-stimulation) constant. These measures 
were developed by Gallistel [9] with implanted but intact rats 
and provide a partial characterization of the substrate mediat- 
ing hypothalamic reward. It is hoped that by comparing this 
characterization for hemithalamic and intact rats some un- 
derstanding might be developed of how the ipsilateral fore- 
brain contributes to hypothalamic reward. 

The first measure, the number-current relationship, takes 
advantage of the fact that changing either the number or 


current of the discrete pulses delivered in a reward burst will 
change the reward and thereby change the rat’s behavior. 
Within some range, if one increases the number of pulses the 
rat will run the runway faster to collect its larger reward. 
Decreases in current intensity of these pulses will cause 
corresponding decreases in running speed and, if adjusted 
properly, will exactly compensate for increases in numbers 
of pulses. By applying this procedure one can end up with 
pairs of number and current values which make up sets of 
stimuli for which the rat will perform equally. In intact rats, 
Gallistel has found the relationship between number and cur- 
rent to be one of reciprocity [9]. 

The second measure employs the above technique of 
equivalent stimuli but it focuses on the relationship between 
the total charge delivered to the brain in a reward burst and 
the duration over which this charge is applied. Frequency is 
held constant. In intact rats, Gallistel found that the charge- 
duration relationship was linear with a particular slope and 
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TABLE 1 
ANALYSIS OF REWARD VARIATION EXPERIMENT 





Condition Group Mean (cm/sec) Standard error 





First Trial 42.0 3.4 
Low Reward (FTLR) 
Last Trial 7.7 3.0 


Low Reward (LTLR) 


First Trial 6.7 2.8 
High Reward (FTHR) 
Last Trial 
High Reward (LTHR) 


39.8 3.4 


Individual Statistical 
Differences* 
Within Condition 


Between Condition 


LTLR LTHR 


Within Condition 
FTLR FTHR 


vs vs Vs vs 
LTLR LTHR FTHR FTLR 
p<0.002 p<0.047 ns 
p<0.004 p<0.001 ns 
p<0.001 p<0.002 
p<0.001 p<0.008 
p<0.001 p<0.008 
p<0.001 p<0.001 


Animal 
JI 10 
JI 15 
JI 18 
JI20E 
JI 20H 
MS 10 





*Mann-Whitney U Test n,=7 n.=7. 


intercept; which also means that the relationship between 
current intensity and burst duration is hyperbolic with a par- 
ticular chronaxie [9]. 


METHOD 


Subjects and Apparatus 


The subjects were the same rats as employed in Experi- 
ment |, and they were tested in the same runway apparatus. 


General Procedure 


Data collection was conducted as before. However, in 
this experiment, stimulation intensity was varied as follows. 
At the start of a session, a high level of current was given for 
11 trials to provide a large reward and insure the rat was 
running briskly. Then current was lowered to a value for 
which the rat would not run and running speed was extin- 
guished to a criterion of 4 consecutive no runs. Following 
this, the stimulation current intensity was increased every 11 
trials typically in 50 wA steps, until the rat was running at 
asymptotically high speed. In this way, a running speed vs 
current intensity curve was generated with all other stimula- 
tion parameters held constant. After one curve was deter- 
mined, a stimulation parameter (e.g., number of pulses) was 
changed and a new speed-intensity curve was found. 


Number-Current 


To measure this relationship, a family of speed-intensity 
curves was generated by varying from curve to curve the 
number of pulses in a reward burst while holding the dura- 


tion of the burst at 1 second. Values of 200, 100, 50, and 25 
pulses per burst were tested with additional values selected if 
necessary. Actual number-current pairs were determined by 
selecting a fixed level of behavior, about '/2 of asymptotic 
running speed, and calculating from the speed-intensity 
curves the current to reach that running speed for each 
number curve (e.g., Fig. 2). This calculation was made by 
interpolating between the two points of the speed-intensity 
curve which bracket the desired running speed value. See 
Fig. 2 for an example of this procedure. Data were analyzed 
by preparing graphs with log current on the abscissa and log 
number on the ordinate, and calculating the best fitting re- 
gression line through these points according to the method of 
least squares. If the relationship between number and cur- 
rent is one of reciprocity, then the best fitting line should 
have a slope of —1.0. 


Charge-Duration 


The charge-duration relationship was obtained in a similar 
fashion to the number current relationship with the differ- 
ence being that pulse frequency was fixed at 100 pulses per 
second and duration of the reward burst was varied to gen- 
erate the family of speed-intensity curves. Again, current 
required to sustain '/2 asymptotic running speed for each 
duration was calculated by interpolation from points in the 
speed-intensity curves. Because pulse width was always 
fixed at 0.1 msec and number of pulses could be determined 
by multiplying frequency and the chosen duration, this de- 
termination of required current permitted calculation of the 
overall charge content in a given burst. 
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FIG. 2. Median changes in running speed as stimulating current is 
varied for animal JI 20 E. For each curve a different value of number 
of pulses is indicated. These values for number of pulses and the 
corresponding stimulating current required to reach a behavioral 
criterion of 20 cm/sec running speed are given at the right of the 
figure. 


Data was analyzed by constructing graphs with duration 
on the abscissa and total charge on the ordinate, and cal- 
culating the best fitting line through these points according to 
the method of least squares linear regression. The slope and 
y intercept of these lines were found and compared to similar 
calculation made by Gallistel [9]. The chronaxie was calcu- 
lated for each animal by dividing the intercept of the linear 
charge-duration function by its slope [9]. 

These procedures are straightforward adaptations of 
techniques developed previously [9,10]. 


Histology 


Following this experiment all animals were sacrificed 
with an overdose of chloropent anesthetic and perfused 
through the heart with saline followed by 10% Formalin. 
Brains were then removed, soaked in 20% sucrose for two 
days, frozen and sectioned at 40 um on a microtome with a 
freezing stage. Tissue was stained with cresyl violet and read 
with both a tissue projector and a microscope. The extent of 
the hemiforebrain ablation and the electrode tip location 
was reconstructed on plates from the atlas of K6nig and 
Klippel [18]. 


RESULTS AND DISCUSSION 
Number-Current 


Figure 3 presents graphs of the data from six electrode 
locations in five animals relating log current to log number of 
pulses required to keep behavior and therefore reward at a 
constant level. From this figure it can be seen that the best 
fitting line through these points ranges from a slope of 
—0.861 to —1.41. Listed in the order (left to right, top to 
bottom) as they appear in Fig. 3 the r? values for the propor- 
tion of the variance accounted for by each of these lines are 
respectively: .969, .953, .921, .971, .872, and .790. These r° 
values are all statistically significant and the associated 
levels are p<0.01, 0.025, 0.005, 0.01, 0.005, and 0.025, re- 
spectively. The mean of the observed slope of these lines is 
— 1.07, with the standard error of the mean being 0.088, and 
is not significantly different from the expected mean slope of 
— 1.0 (t=0.80, df=5). Thus, it seems quite clear that over the 
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FIG. 3. Relationship between log number of pulses of reward stimu- 
lation and log current required to reach behavioral criterion plotted 
for all animals. Slope of best fitting line is calculated by the method 
of least squares and is indicated for each animal. 
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range tested the number-current relationship in hemi- 
thalamic rats stimulated in the hypothalamus on the ab- 
lated side approximates one of reciprocity, as it does in in- 
tact rats. 


Further Analysis of the Number-Current Relationship 


Recently, a new way of analyzing the number-current re- 
ciprocity was proposed by Shizgal and colleagues [10]. If 
current is plotted against the reciprocal of number, a linear 
regression line can be calculated, the slope of which repre- 
sents the way current must be increased to keep pace with 
decreasing number. An example of this is presented in Fig. 4 
for animal JI 18 ‘‘H.’’ The slope gives evidence as to how 
many additional reward relevant neurons are recruited into 
firing each time the stimulation field is expanded by increas- 
ing the current. The intercept may signify the theoretical 
minimum current required to reach any or enough neurons to 
get the animal to perform the task given that there was no 
limit on the number of effective pulses those axons could 
carry in a fixed duration [10]. If the medial forebrain bundle 
was appreciably thinned of reward relevant axons by the 
hemiforebrain ablation, then the slope of this line should be 
steeper and/or the intercept greater, representing the in- 
creased requirement for current to offset decreased number 
of axons available for stimulation. 
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FIG. 4. Relationship between current and number of pulses of re- 
ward stimulation plotted for animal JI 18 with number given as its 
reciprocal. Slope and intercept of the best fitting line calculated by 
the method of least squares are given. 


In order to make this comparison, raw data on number- 
current relationships in intact rats were obtained from Gallis- 
tel and were transformed to show the reciprocal of number 
vs current, as described above. Linear regressions were then 
calculated for both our data and Gallistel’s data. From here, 
weighted linear regression lines were calculated, and the re- 
sulting slopes and intercepts for each subject are presented 
in Table 2. The differences between the hemithalamic and 
intact groups were not statistically significant and, if any- 
thing, the intact groups had the greater slope and intercept. 
These data provide no evidence for a thinning of reward 
relevant fibers under the electrodes. 


Charge-Duration 


Only four rats were tested in the charge-duration phase of 
this experiment and their data are presented as graphs in Fig. 
5. The slopes and intercepts of the best fitting regression 
lines are given for each animal in Fig. 5. Listed in order (left 
to right, top to bottom), the r? values for the proportion of the 
variance accounted for by those best fitting lines are .994, 
.997, .997, and .971. All of these values are statistically sig- 
nificant (p><0.001). Because Gallistel [9] expressed his re- 
sults as slopes and intercepts of weighted linear regressions, 
we so analyzed our data (see [9] for further discussion of 
weighted linear regressions). Our values are not significantly 
different from those observed by Gallistel [9] for intact rats. 
This comparison is made to means of raw data taken from 
Table | of Gallistel’s report [9] and is presented in this report 
in Table 3. Also presented in Table 3, is the chronaxie of the 
current-duration function. This statistic can be calculated by 
dividing the intercept of the charge-duration function by its 
slope [9]. When this was done for our data, the mean result, 
as expected, was insignificantly different from the mean of 
the chronaxies reported by Gallistel for intact rats [9]. These 
findings do not support the idea that ipsilateral hemiforebrain 
ablations impair the integration processes whereby discrete 
pulses of lateral hypothalamic stimulation are summed to 
produce reward. 


Histology 


Reconstructions of the hemiforebrain ablation and the 
electrode tip location are plotted for each rat in Fig. 6 with 
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TABLE 2 


RECIPROCAL OF NUMBER-CURRENT RELATIONSHIP WEIGHTED 
LINEAR REGRESSION 





Animal 


number Intercept 


Slope 





Hemiforebrain Ablated: 
JI 10 8,162 
JI 15 7,932 
JI 18 13,368 
JI 20 ‘‘E”’ 14,022 
JI 20 ‘**H” 19,292 
MS 10 18,507 
Mean 13,547 
SEM 1,986 


Intact*: 
13,715 
19,426 
22,155 
12,199 
16,148 26.1 
16,728 
1,825 9.0 


Comparison 
t Value 0.697 0.570 
Significance none none 





*Raw data were given to us by Gallistel for this analysis. 


the exception of MS 10 whose brain was damaged in section- 
ing. For all rats, nearly complete destruction of ipsilateral 
neocortex and hippocampus was achieved. In the case of 
other targets, particularly the septum and nucleus accum- 
bens, the results varied. Typically, the amygdala was largely 
spared. In JI 10, most of the accumbens, septum and 
caudate-putamen were ablated unilaterally with damage to 
the septum occurring bilaterally. In JI 15, the septum re- 
ceived minor damage while the nucleus accumbens, globus 
pallidus, and ventral medial portions of the caudate-putamen 
were spared. Results from the other two animals are inter- 
mediate, with greater damage to the caudate than in JI 15 but 
without major damage to the nucleus accumbens, and only 
some damage to the septum. 

It should be noted that despite sparing of primary dam- 
age, many structures underwent secondary degeneration. 
For example, ipsilateral degeneration was readily observed 
in some thalamic nuclei, septum, and fiber tracts such as the 
fornix and internal capsule. The corpus callosum was smaller 
on the contralateral side. Less obvious but still present was 
secondary ipsilateral degeneration in the amygdala and me- 
dial forebrain bundle, particularly in JI 10. 

These lesions are nearly, but not quite as extensive un- 
ilaterally as the bilateral ablations discussed previously 
[15,16]. 


GENERAL DISCUSSION 


The clear conclusion of this study is that despite substan- 
tial loss of forebrain tissue rostral to the lateral hypothalamic 
electrode site, the neural process which translates the elec- 
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FIG. 5. Relationship between overall charge and duration of reward stimulation is plotted for four 
animals. Inset shows expansion of the origin of the axis. Slope and intercept of the best fitting lines 
calculated by the method of least squares are given. 


trical stimulation into reward is not impaired. Such a con- 
clusion was suggested by the results of the first experiment 
where rats were able to be trained to perform normally in the 
runway for lateral hypothalamic reward and by similar find- 
ings by Huston et al. [17]. However, the real strength of the 
conclusion rests on the two fundamentally different meas- 
urements of the reward process made in the second experi- 
ment. 

The first experiment examines how increases in current 
recruit into firing additional neurons at the fringe of the 
stimulation field. It determines how much the current must 
be increased to offset a decrease in the number of pulses 
within one stimulation burst, and it gives information on the 
arrangement of directly excited axons in the medial forebrain 
bundle [10]. If neurons which originate in the ipsilateral fron- 
tal cortex and descend through the medial forebrain bundle 
actually do contribute substantially to the reward of hypotha- 
lamic stimulation [24,25], then they should be lost following 
the forebrain ablation. Greater increases in current would 
then be required to offset the same decreases in number and 
a greater slope in the current vs reciprocal of the number plot 
would be observed. We did not observe this; hence, we find 
no support for the idea that ipsilateral frontal cortex con- 
tributes to the reward of lateral hypothalamic stimulation in 
this fashion. This agrees with other research showing that 
frontal cortex self-stimulation does not involve the medial 
forebrain bundle [2]. 

The second measurement concerns the integration of re- 
warding pulses over time, which presumably takes place at 


some distance from the hypothalamic site [10]. Here, total 
excitation, as signified by total charge given to the brain, is 
traded off against the duration over which that charge is 
applied. Since the integrator “‘leaks,”’ the charge required to 
keep reward constant increases as duration is extended and 
this leak is reflected in the slope of the charge-duration func- 
tion [9]. If the rate of leak was increased by the forebrain 
damage, the slope of this function should be steeper, indicat- 
ing more charge was required for each additional second of 
duration. The intercept of the charge-duration function rep- 
resents the theoretical charge required to generate the cho- 
sen level of reward if it could be delivered over an infinitesi- 
mal duration [7]. If forebrain damage reduced the effective- 
ness of charge in activating reward, then the intercept of the 
charge duration function should be elevated over that of in- 
tact rats. Since neither of these outcomes was observed, no 
support can be given to the specific hypotheses that either 
the ipsilateral sulcal [1] or medial prefrontal cortex [6, 22, 23, 
25] play a large role in hypothalamic brain stimulation re- 
ward. This conclusion is stronger in the latter case since the 
prefrontal cortex was always removed while the sulcal re- 
gion was severely damaged only in some cases. Additionally, 
this conclusion can be generalized to any structure within the 
ablated region. 

These findings are also interesting in light of the hypoth- 
esis that hypothalamic stimulation reward depends on the 
activation of the ascending midbrain dopamine systems [1, 4, 
8, 29, 30] because it focuses attention on the extent to which 
unilateral hypothalamic stimulation can have contralateral as 





TABLE 3 


CHARGE-DURATION RELATIONSHIP WEIGHTED 
LINEAR REGRESSION 





Animal number Slope Intercept Chronaxie 





Hemiforebrain Ablated: 
JI 10 
JI 15 
JI 18 
JI 20 ** 


Mean 

SEM 

N 
Intact*: 

Mean 

SEM 

N 
Comparison 

t Value 

Significance 





*Taken from [9] Table 1. 


well as ipsilateral effects. Anatomically, the midbrain do- 
pamine systems have been thought to project primarily ip- 
silaterally [20] but some crossed projections do occur [7], 
and these might sustain function in this preparation through 
direct connections to contralateral structures that were ab- 
lated ipsilaterally. However, these contralateral projections 
are weaker than the ipsilateral ones [7], and a shift to sucha 
diminished substrate would be expected to show up in the 
behavioral measures [9]. 

On other grounds, the hypothesis of direct dopamine ac- 
tivation by the self-stimulation electrode has been called into 
question. Recent quantitative work characterizing the re- 
ward substrate has shown that the behaviorally measured 
velocity of action potential conduction is much too high [10] 
to be compatible with the conduction velocity of the small 
unmyelinated neurons of the midbrain dopamine systems 
[13,14]. In addition, the current required to fire the dopamine 
axons as measured by recordings from the cell body region is 
much higher than needed to induce vigorous self-stimulation 
[9, 10, 31]. However, this quantitative work does suggest 
that the fibers subserving lateral hypothalamic self- 
stimulation run through the midbrain tegmental area [26], 
and some are believed to be descending [27]. This provides 
for a possible descending pathway leading to indirect activa- 
tion of the dopamine neurons which could then participate as 
a second stage in the elaboration of the self-stimulation re- 
ward process [30]. At least two recent studies [19,28] in 
addition to the present report, agree with the notion of a 
descending pathway. Neurons belonging to such a pathway 
might escape the hemiforebrain ablation and provide strong 
direct connections to the contralateral dopamine cells which 
could then function to convey the reward signal on the intact 
side of the brain. Major descending fibers of the medial fore- 
brain bundle are known to originate from the septal and lat- 
eral preotpic-hypothalamic area [20], and some of these fi- 
bers were missed in our hemiforebrain ablations. 

Finally, it should be noted that other possibilities exist 
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FIG. 6. Reconstructions of forebrain ablations for four animals plot- 
ted on plates of the atlas of K6nig and Klippel [18]. Only primary 
tissue loss is plotted. Corresponding secondary degeneration in re- 
lated structures (e.g., thalamus) is not shown. Plate numbers are 
given above the array and the animal is indicated at the lower left for 
each row. Electrode tip locations are indicated by the tip of the 
vertical arrows. JI 20 carries two electrodes as shown. The electrode 
tip for JI 10 shown on plate 41 was actually best plotted on plate 40, 
while JI 15°s electrode tip shown on plate 35 was actually at plate 38. 
Dorsal-ventral and medial-lateral relationships were preserved when 
collapsing these two electrode tip locations onto the plates of this 
figure. 


outside the descending-path hypothesis, as discussed above. 


For example, non-dopamine targets of the numerous 
brainstem connections of the medial forebrain bundle [25], 
direct forebrain commissures [17], and remaining ipsilateral 
forebrain tissue which may still receive dopaminergic input 
[20,29] could be acting to serve as part of this reward sub- 
strate. However, whatever pathway remains in our subjects, 
it must be able to sustain normal or quite nearly normal 
function. Further research in this area will be required to 
continue to narrow the possibilities. If lesions, ablation, or 
transections are used to disrupt the pathway(s), then quan- 
titative behavioral measurement techniques should be em- 
ployed to assess the extent of the disruption of hypothalamic 
reward. 
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POWERS, A. S., F. HALASZ AND S. WILLIAMS. The effects of lesions in telencephalic visual areas of pigeons on 
dimensional shifting. PHYSIOL. BEHAV. 296) 1099-1104, 1982.—Two experiments on dimensional shifting in pigeons with 
lesions of telencephalic visual areas are reported. In the first, pigeons were initially trained on a pattern discrimination with 
color irrelevant and then the color discrimination was made relevant and pattern irrelevant. Pigeons with ectostriatal 
lesions made more errors than shams or Wulst-lesioned animals on the pattern problem, but there was no difference among 
the three groups on the shift to color. In the second experiment, the same discriminations were studied in the reverse order: 
the animals first learned the color problem and then shifted to pattern. In this case the ectostriatal-lesioned animals showed 
a deficit on both problems. The Wulst-lesioned animals, on the other hand, showed a deficit on the shift to pattern but not 
on the original color problem. The results are discussed in terms of the nature of the deficits caused by the two lesions and 


their meaning for questions of comparative neurobiology. 


Telencephalic visual areas Pigeons 


Dimensional shifting 





THERE are two visual pathways to the telencephalon in 
birds and mammals. One projects from the retina directly to 
a relay nucleus in the thalamus (nucleus opticus principalis 
thalami, in birds; the dorsal part of the lateral geniculate 
nucleus in mammals) and from there to the telencephalon. In 
birds, this pathway terminates in the Wulst, in a region called 
nucleus intercalatus hyperstriati accessorii, or IHA [6]. The 
anatomical equivalent in mammals is, of course, the retino- 
recipient layer of the striate cortex. The second projects 
from the retina to the midbrain roof, thence to a relay nu- 
cleus in the thalamus that does not receive retinal projections 
(nucleus rotundus in birds; nucleus lateralis posterior or the 
inferior pulvinar in mammals), and finally to a terminal zone 
in the telencephalon distinct from that of the thalamofugal 
pathway. In birds, this area is the ectostriatum [5]. The 
anatomically equivalent area in mammals is termed the ex- 
trastriate cortex. 

In birds, experiments on the roles of these telencephalic 
areas in visual discriminative behavior have revealed a clear 
dissociation between the two regions. Lesions of the ectos- 
triatum produce deficits on the retention of simultaneous 
visual intensity and pattern discriminations learned 
preoperatively [2]. Lesions of the Wulst, on the other hand, 
leave such discriminations unimpaired [3] but seem to dis- 
rupt more complex visual functioning such as reversal learn- 
ing or delayed matching to sample [11, 13, 16]. It should be 
noted that a similar reversal deficit is also found on spatial 





reversal in pigeons [9]. The effects of ectostriatal and Wulst 
lesions, however, have not been studied in a single experi- 
ment in which the effects of both sorts of lesions were 
studied on an identical series of problems. The present ex- 
periment presents the results of such an investigation. 

In the present experiment, pigeons with lesions of ectos- 
triatum or Wulst, and pigeons with sham lesions, were run 
on a ‘‘dimensional shift’; that is, they were trained on a 
simultaneous discrimination in which one dimension, either 
color or pattern, is relevant while the other is present but 
irrelevant, and then shifted to the other dimension upon 
reaching criterion on the first problem. Schade and Bitter- 
man [14] reported data that suggest that the learning of a 
series of dimensional shifts engages the same processes that 
are engaged in serial reversal learning. It was expected there- 
fore that animals with Wulst lesions would show no impair- 
ment on the original discrimination but an impairment on the 
shift to the other dimension, whereas animals with lesions of 
ectostriatum would be impaired both on the original dis- 
crimination and on the shift because of a sensory loss in the 
ability to discrimination between visual stimuli. In Experi- 
ment I, the animals were trained on pattern, then shifted to 
color. In Experiment 2, the sequence was reversed. 

These experiments are the first to study postoperative 
acquisition of visual discriminations in pigeons with lesions 
of ectostriatum. They are the first to study dimensional shift- 
ing in animals with lesions of the two telencephalic visual 
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areas. They also provide the first comparisons of within- 
problems performance in pigeons with the two types of le- 
sions. 


EXPERIMENT | 


METHOD 
Subjects 


The subjects were | 1 naive male autosex pigeons, housed 
in a temperature- and light-controlled room. They were 
maintained at 85% of their free-feeding weights and were 
given free access to water and grit. 


Apparatus 


The apparatus consisted of 2 identical standard Lehigh 
Valley Electronics two-key pigeon chambers, each with a 
grain magazine to present reinforcement. The stimuli were 
horizontal and vertical stripes on blue or yellow back- 
grounds. IEE projectors were mounted behind the keys, 
which were made of rear-projection screen. The stimuli were 
presented by illuminating two 1820X bulbs in each projector 
simultaneously, thus producing a set of 3 white stripes on a 
colored background. The colors and patterns provided by 
the manufacturer were used. The intensity of each stimulus 
was measured with a Simpson illumination meter, Model 
408. The blue was somewhat less intense than the yellow. 
The intensity of the yellow stimulus with stripes superim- 
posed was 10.8 cd/m?. The intensity of the blue stimulus with 
stripes superimposed was 6.4 cd/m?. 


Procedure 


The pigeons were magazine- and key-trained to hit a 
white side key when it was illuminated. Pretraining was 
complete when the animals completed 20 trials (with a 6-sec 
intertrial interval) in less than 8 min. 

Once the animals were pretrained, they were given elec- 
trolytic lesions of ectostriatum or Wulst or sham lesions in 
which the electrode was inserted but no current was passed. 
The animals were anesthetized with a mixture of sodium 
pentobarbital and chloral hydrate (Equithesin), and the scalp 
was injected with procaine before incision. The electrodes 
used were steel insect pins insulated with Formvar except 
for 0.5 mm at the tip. The coordinates for the lesions were 
determined from the atlas of Karten and Hodos [4]. Multiple 
placements were used for both lesions: 2 lesions on each side 
for ectostriatum and 4 on each side for Wulst. The lesions of 
the Wulst were made with a slanted electrode entering the 
brain from the back in the manner described by Pasternak 
and Hodos [12]. The pigeons were given one week to recover 
from surgery postoperatively. Then they were again tested 
with white side keys to be sure they retained the preopera- 
tive training. If they completed 20 trials within the 8 min time 
limit, they began the experiment the following day. If not, 
they were given additional training until they reached this 
criterion. 

In the experiment proper, the stimuli on the two keys 
always differed in both color and stripe orientation. Thus 
there were 4 kinds of trials: yellow vertical on the left vs blue 
horizontal on the right, blue vertical on the left vs yellow 
horizontal on the right, yellow horizontal on the left vs blue 
vertical on the right, and blue horizontal on the left vs yellow 
vertical on the right. Trial orders were changed daily. On the 
first problem, horizontal was correct for all animals. 
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Forty trials were given each day. A trial began with the 
illumination of the two keys. A correct response (a single 
peck) turned off the key lights and resulted in the presenta- 
tion of the grain magazine for 2'/2 sec, during which time the 
magazine light was illuminated. Following this, there was a 
6-sec intertrial interval. Responses on either key during this 
interval reset the 6-sec timer, so that the next trial did not 
begin until the subject had refrained from pecking for at least 
6 sec. If the animal made an incorrect response, the key 
lights went out, and there was a 7-sec time-out, followed by 
illumination of the keys and a repetition of the same trial. A 
limited correction procedure was used: the same trial was 
repeated until the pigeon made the correct response, but if it 
made 5 incorrect responses, on the next trial only the correct 
alternative was illuminated and response to it reinforced 
(guidance). A house light illuminated the chamber through- 
out the session and was extinguished at the end. 

Only responses on the initial presentation of a trial were 
used in the tabulation of the data. Responses on repetitive 
and guidance trials were recorded, but they were not used in 
the data analysis. Criterion was considered to be 85% (6 or 
fewer errors) on one day. On the day following achievement 
of criterion, the problem was shifted to blue-positive. This 
problem too was run until a criterion of 85% correct was 
reached. 

When the experiment was completed, the pigeons were 
killed with an overdose of Equithesin and perfused through 
the heart with saline followed by Heidenhain’s solution 
(without mercuric chloride). The calvarium was removed 
and the brains allowed to fix for 24 hr in Heidenhain’s solu- 
tion before transfer to 10% Formalin. The brains were em- 
bedded in paraffin and cut at 15 wm, and every tenth section 
was stained with cresyl violet. The lesions were recon- 
structed on plates from the atlas of Karten and Hodos [4]. 
The percent damage to the target structure was calculated 
separately for the left and right sides by measuring the area 
destroyed with a polar planimeter at intervals of 0.5 mm 
through the lesion. The percent damage in the Wulst group 
was calculated for damage to IHA, the area of the Wulst that 
receives retino-thalamic input; for the ectostriatal group the 
percent damage was for both the core and belt areas of the 
ectostriatum [5]. 


RESULTS 
Histological 


Two representative lesions are presented in Fig. 1, and 
the percent destruction of each target structure is given in 
Table 1. In the two animals with bilateral lesions of the ectos- 
triatum, there was some damage to surrounding structures as 
well, especially to the overlying neostriatum and the paleo- 
striatum augmentatum ventral to ectostriatum. Both animals 
had damage to the far lateral hyperstriatum ventrale as well. 

The Wulst animals had damage to the regions of the Wulst 
containing IHA, the hyperstriatum intercalatus superior and 
the hyperstriatum dorsale, ranging from 14% to 51%. Their 
lesions also damaged surrounding structures, primarily the 
hyperstriatum ventrale. In one case, no. 8646, the lesion 
actually included the dorsal portion of the ectostriatum as 
well. 

There was no damage to any brain structure in the sham 
animals. 


Behavioral 


Most subjects pecked the side keys and ate normally on 
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7087 


FIG. |. Histological reconstructions for two representative lesions 
in Experiment |. In the key, the stippled area on the left represents 
IHA, which receives a projection from nucleus opticus principalis 
thalami; the stippled area on the right represents the core region of 
ectostriatum, which receives a projection from nucleus rotundus 
thalami. The rest of the area within the ectostriatal outline consti- 
tutes the belt of ectostriatum. Pigeon 7087 had a lesion of the ectos- 
triatum. Pigeon 2532 had a lesion of IHA. 


the first postoperative day and thus were able to begin exper- 
imental training immediately. The exceptions were no. 6228 


which required retraining before beginning to peck again. 

In addition to the percent damage, Table | presents the 
number of errors each subject made on each problem. There 
was one striking difference among the groups. Pigeons with 
lesions of the ectostriatum were impaired on learning the 
original pattern problem. Both subjects with ectostriatal le- 
sions performed more poorly than any of the subjects in the 
Wulst and sham groups. The subject with slight bilateral ec- 
tostriatal damage in the Wulst group (no. 8646) was also 
impaired compared to shams on this problem. Neither of the 
other Wulst animals showed an effect of the lesion. 

On the second problem, blue-positive with irrelevant pat- 
tern, the difference between the ectostriatal animals and the 
others was not as great. Pigeon no. 8 had an error score 
within the range of sham scores; pigeon no. 7087 appeared to 
have a deficit. None of the animals with lesions of the Wulst 
showed any noticeable difficulty with this problem. 


DISCUSSION 


Even with the small number of animals in this experi- 
ment, it seemed to be clear there was no effect of Wulst 
lesions but that ectostriatal lesions impaired the learning of 


TABLE 1 


PERCENT DAMAGE TO TARGET STRUCTURE AND NUMBER OF 
ERRORS PER PROBLEM FOR SUBJECTS IN EXPERIMENT 1 





Errors 
% Damage 


Subject (L/R) Prob. | (H+) Prob. 2 (B+) 





Ectostriatal Lesions 
8 35/24 

7087 52/44 
Wulst Lesions 

8646 18/10 

6228 28/27 

2532 43/60 
Sham Lesions 

7655 

2185 

97099 


7222 


woe 


8012 
7075 





the first pattern problem. These results were a bit surprising 
in light of our expectation that Wulst lesions would impair 
the learning of dimensional shifting. It appeared, however, 
that the lack of effect might be due to the color problem's 
being too easy. Rather than trying to increase the sample size 
in this experiment by replicating it, it seemed advisable to 
run the experiment in the opposite order, beginning with 
color and shifting to pattern. This was the strategy of Exper- 
iment 2. 


EXPERIMENT 2 


METHOD 
Subjects 
The subjects were 15 male autosex pigeons, maintained in 
exactly the same manner as in Experiment 1. 


Apparatus and Procedure 


All apparatus and procedures were identical to those of 
Experiment | except that in this experiment all subjects 
began with blue-positive with pattern irrelevant and shifted 
to horizontal-positive with color irrelevant. Five subjects 
were given ectostriatal lesions, four subjects were given 
Wulst lesions, and six subjects were given sham lesions. 

RESULTS 
Histology 

The percent damage to the target structures is listed in 
Table 2. Figure 2 presents two representative lesions, one of 
the ectostriatum and one of the IHA. As in Experiment | the 
lesions of each structure tended to do slight damage to 
nearby structures. No animal sustained damage to both ec- 
tostriatum and Wulst in this experiment, however. Sham 
animals had no damage to any brain structures. 


Behavior 


Most pigeons pecked the side keys and ate normally on 
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FIG. 2. Histological reconstructions for two representative lesions 
in Experiment 2. Pigeon 3225 had an ectostriatal lesion. Pigeon 4908 
had a lesion of IHA. See Fig. | for key. 


the first postoperative test day and thus were able to begin 
experimental training the next day. The only exception was 
no. 8289 in the ectostriatal group, which required about 10 
days of postoperative retraining before it was able to begin 
discriminative training. 

In addition to the percent destruction, Table 2 presents 
the number of errors made on each problem by each animal. 
Because some pigeons with lesions were very severely im- 
paired, the data on errors per problem were not normally 
distributed, nor did they display homogeneity of variance. 
Therefore nonparametric tests, the Kruskal-Wallis one-way 
analysis of variance and the Mann-Whitney U, were used to 
analyze the data. The Kruskal-Wallis was used to establish 
first that there was an overall difference among the groups. 
The Mann-Whitney U was then used to show where the 
difference lay. 

On the first (color) problem, the Kruskal-Wallis analysis 
showed an overall effect, H(1)=16.03, p<0.001. Pigeons 
with lesions of the ectostriatum were worse than controls on 
this problem (U=3, p<0.02). Pigeons with Wulst lesions, on 
the other hand, were not different from controls (U=9, 
p>0.05). 
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TABLE 2 


PERCENT DAMAGE TO TARGET STRUCTURE AND NUMBER OF 
ERRORS PER PROBLEM FOR SUBJECTS IN EXPERIMENT 2 





Errors 
% Damage 


(L/R) Prob. 2 (H+) 


Subject Prob. 1 (B+) 





Ectostriatal Lesions 
85 4/26 
3895 24/24 
6226 22/39 
3225 52/30 
8289 31/53 
Wulst Lesions 
7604 5/13 
6 13/30 
4908 37/45 
7069 80/27 
Sham Lesions 
7095 
7185 
8757 
7009 
4764 
7610 





*This pigeon was trained for 31 days on Problem 2, but it never 
reached criterion. This is the total number of errors it made. 


On the second (pattern) problem, the Kruskal-Wallis 
analysis again showed a significant effect, H(1)=21.52, 
p<0.001. Animals with ectostriatal lesions were again worse 
than control (U=0, p<0.02), but on this problem Wulst- 
lesioned animals were also significantly impaired relative to 
controls (U=0, p<0.01). On this shift, the two lesioned 
groups did not differ from one another (U=10, p>0.05). 
Thus, for pigeons with Wulst lesions, there was no impair- 
ment on the original learning, but shifting dimensions was 
more difficult than it was for sham-lesioned pigeons. For 
pigeons with ectostriatal lesions, both problems were more 
difficult than they were for the control animals. 

In Fig. 3, the within-problem performance on Problems | 
and 2 for all three groups is presented, in terms of median 
errors per day. This graph shows that on Problem 1, animals 
with ectostriatal lesions made more errors on each day than 
did controls or animals with IHA lesions. On Problem 2, 
both lesioned groups performed more poorly than controls, 
and as Fig. 3 shows, both groups remained at chance much 
longer than did the sham animals. In this type of discrimina- 
tive learning, chance performance may occur either because 
the subject perseverates on the previously correct alterna- 
tive, which is now correct 50% of the time, or because it 
responds to some other irrelevant dimension, such as posi- 
tion, and therefore chooses each alternative on the correct 
dimension about half the time. Because it was of interest to 
know whether there was a difference in the way the two 
groups of lesioned animals were solving, or attempting to 
solve, Problem 2, we performed an analysis of the types of 
errors made by each animal. The mean percent errors made 
to the previously positive stimulus (blue) on Day 1 of Prob- 
lem 2 were as follows: ectostriatum—90%; Wulst—70%; 
Shams—74%. The difference between ectostriatal animals 
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FIG. 3. The within-problems performance of the three groups of 
pigeons in Experiment 2. 


and sham animals is significant (U=1, p<0.01). The differ- 
ence between sham and Wulst animals is not (U=11, 
p>0.05). Thus even though both lesioned groups performed 
at chance on Day 1, only the ectostriatal group was perse- 
verating on the previously correct stimulus. For the Wulst 
animals chance performance was not due to any consistent 
tendency to go to color or position. The errors of the Wulst 
animals tended to be distributed across the different types of 
trials in such a way that no uniform tendency could be de- 
tected, although strings of responses to one color or one side 
did occur in the data of each animal. There was no evident 
difference in perseveration between the lesioned groups after 
Day 1 of Problem 2. 

Since the lesions did incidental damage to structures 
other than IHA or the ectostriatum, it was of interest to 
know whether the observed deficits were due to damage to 
the target structure or to other damage. Accordingly, 
Spearman rank-order correlation coefficients were calcu- 
lated. For errors on Problem | and damage to the ecto- 
striatum (using all lesioned animals and correcting for ties), 
the correlation was positive and significantly different from 
zero (9=.68, p<0.05). Correlations of errors on Problem | 
with neostriatal damage (p=—.09), damage to the 
hyperstriatum ventrale (o=—.72), IHA damage (p=—.38), 
and total amount of destruction (o=—.34) were all negative. 
(The high negative correlation for the hyperstriatum ventrale 
is due to the fact that damage to this structure was negatively 
correlated with damage to the ectostriatum: p=—.94.) 

For Problem 2, we did not expect a correlation between 
damage to one structure, either the ectostriatum or IHA, and 
performance since damage to each structure caused a deficit. 
Thus animals with no ectostriatal damage, since they had 
Wulst lesions, made as many errors as those with ectostriatal 
damage. The correlation of ectostriatal damage and errors on 
Problem 2 was .09; for Wulst damage and Problem 2 errors, 
it was .03. We can say, however, that the deficit on Problem 
2 was not due to incidental damage to the hyperstriatum 
ventrale (p =—.18) or to the neostriatum (p = —.40) or to the 
total amount of tissue destroyed (p= —.42). 


GENERAL DISCUSSION 


The results from Experiment 2 support our predictions: 
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pigeons with lesions of ectostriatum had difficulty both with 
the original problem, in which color was relevant and pattern 
irrelevant, and with the subsequent shift to pattern, and pi- 
geons with lesions of the Wulst had difficulty only with the 
shift to pattern. They further suggest that the reason we did 
not find such effects on the dimensional shift of Experiment 
1 was that the color problem was too easy to show the ef- 
fects. Pigeons with Wulst lesions showed no particular diffi- 
culty on pattern when it was the first problem but they did 
when it followed the learning of a color problem. 

By now there is a rather large body of results in the litera- 
ture on telencephalic lesions in birds, and the present results 
are consistent with previous findings. Pigeons with lesions of 
the ectostriatum have been shown to suffer severe impair- 
ments in their ability to discriminate visual intensity and pat- 
tern [2]. From this finding, the present result showing defi- 
cits on the original problem in both experiments was ex- 
pected. What was unexpected was the finding on the shift to 
pattern in Experiment 2 that the birds with ectostriatal le- 
sions were more persistent than either controls or pigeons 
with Wulst lesions on the now-incorrect color problem. This 
finding goes against the view that ectostriatal lesions simply 
make it more difficult for the bird to see the stimuli, perhaps 
by increasing noise in the sensory channels [1]. It suggests 
instead that pigeons with ectostriatal lesions learn differently 
from normal birds, that they can see the stimuli but do not 
learn to choose correctly in the same way as pigeons nor- 
mally do. It is worth noting, however, that the perseverative 
responding observed in the birds with ectostriatal damage 
did not differ from that of the other groups after Day 2 of the 
shift. Thus the deficit these animals showed can be attributed 
only partly to perseveration. 

The deficit found in the Wulst animals on the dimensional 
shift is reminiscent of the reversal learning deficit shown by 
birds with Wulst lesions in other experiments [13,16]. In 
these experiments, as in the present one, no deficit was 
found on the first postoperative problem. Macphail [10] 
failed to find an effect of Wulst lesions on dimensional shift- 
ing, from position to color, but the present results argue that 
this failure was a result of studying too easy a shift. Inter- 
estingly, however, pigeons with Wulst lesions do show a 
deficit on color reversals [10,13]. 

There was no evidence of abnormal perseveration in the 
Wulst animals of this experiment. Previous studies [13,15], 
with the exception of Macphail [10], have not found exces- 
sive perseverative responding in their subjects with Wulst 
lesions. Instead they have seen a retardation of the within- 
reversals curve, in one case [15] taking the form of increased 
position habits. This suggests, as Stettner [15] pointed out, 
an inability to maintain attention to the relevant dimension in 
the face of nonreinforcement. Mackintosh [8] has shown that 
a loss of responding to the relevant dimension occurs in 
normal reversal learning. Perhaps it is this stage that is in- 
creased in pigeons with Wulst lesions, taking the form of 
position responding if other irrelevant dimensions are not 
present, or of short runs of responding to various dimensions 
if, as in the present experiment, several irrelevant dimen- 
sions are present. 

It is interesting to compare the results obtained in the 
present experiments with those found in a similar study with 
tree shrews [7]. In that study, the tree shrews with lesions of 
the striate cortex, part of which may be anatomically equiv- 
alent to part of the Wulst as recipient of the retinothalamic 
projection, had severe deficits on the first problem, which 
was pattern discrimination with irrelevant color. Two out of 
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three animals were unable to reach criterion on this problem 
until remedial training, in which color was removed as an 
irrelevant dimension, was given. These animals had diffi- 
culty on subsequent problems as well, but they were able to 
learn them. Thus the animals with lesions of striate cortex 
behaved more as pigeons with lesions of the ectostriatum did 
in the present experiment. Tree shrews with lesions of the 
extrastriate cortex, on the other hand, showed deficits not on 
the original problem but on shifting dimensions. Thus al- 
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though the extrastriate cortex, like the ectostriatum, is a 
recipient of visual input from the midbrain roof, the behavior 
found in tree shrews with lesions in the extrastriate cortex 
resembles that found in pigeons with lesions of the Wulst. It 
would be useful, of course, to know how general these two 
isolated experimental results are to the classes of animals 
being studied, but at the least they suggest that anatomically 
equivalent regions in the visual systems of mammals and 
nonmammals may function in different ways. 
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BODNAR, R.J., N.S. SHARPLESS, J. H. KORDOWER, M. POTEGAL ANDG. A. BARR. Analgesic responses following 
adrenal demedullation and peripheral catecholamine depletion. PHYSIOL. BEHAV. 296) 1105-1109, 1982. — 
Adrenalectomy affects analgesic responses differentially, potentiating morphine and cold-water swim analgesia while 
reducing prolonged, intermittent foot shock analgesia. Adrenocortical influences also exhibit differential effects: dex- 
amethasone pretreatment potentiates morphine analgesia while reducing both forms of stress-induced analgesia. In 
assessing sympathomedullary influences in analgesic processes, adrenal demedullation reduces prolonged, intermittent 
foot shock analgesia. The present study examined the effects of adrenal demedullation both with (MADX/6-OHDA) and 
without (MADX) peripheral 6-hydroxydopamine injections upon the analgesic responses following 2°C and 15°C swims 
and following 5 mg/kg and 2.5 mg/kg doses of morphine. Significant reductions were observed in adrenal epinephrine levels 
in all MADX rats and in heart norepinephrine levels in MADX/6-OHDA rats. Despite the adrenal demedullation and 
sympathetic dennervation, neither the MADX group nor the MADX/6-OHDA group differed significantly from sham 
control rats in their baseline post-operative or post-injection flinch-jump thresholds, in their analgesic responses following 
the 2°C and 15°C swims, or in their analgesic responses following the 5 mg/kg and 2.5 mg/kg morphine doses. These data 
are assessed in terms of divergent adrenal influences upon various analgesic responses. 

Sympathomedullary response 


Morphine analgesia Adrenocortical response 


6-Hydroxydopamine 


Stress-induced analgesia 
Adrenal demedullation 


[18,19]. As in hypophysectomized preparations, adrenalec- 
tomy fails to affect the analgesia induced by shock delivered 
briefly and continuously [18], delivered to the front or rear 
paws [30] or when the shock is used as a conditioned 
stimulus [30]. 


THE pituitary-adrenal axis has recently received consider- 
able attention in terms of its modulation of both opioid and 
non-opioid analgesia. Removal of the pituitary gland alters 
analgesic responses as a function of the analgesic manipula- 
tion. While hypophysectomized animals display potentiated 


analgesic responses following morphine [3, 10, 25], elec- 
troconvulsive shock [15] and 2-deoxy-D-glucose [3], they 
exhibit attenuated analgesic responses following cold-water 
swims [2], insulin [3], acupuncture [26] and immobilization 
[1]. Differential effects following hypophysectomy are also 
observed for different parameters of foot shock analgesia. 
While the analgesic response following prolonged, intermit- 
tent foot shock is reduced by hypophysectomy [19, 22, 29], 
this procedure fails to alter the analgesia induced by shock 
delivered to the front or rear paws [30] or when the shock is 
used as a conditioned stimulus [4]. 

Removal of the adrenal glands also affects analgesic re- 
sponses in a differential manner. Adrenalectomy potentiates 
morphine analgesia [6, 8, 9, 31] and cold-water swim 
analgesia [8,21], but this procedure reduces the analgesic 
response following prolonged, intermittent foot shock 


When the adrenal glands are removed, two major systems 
are disrupted: the adrenocortical system which releases 
glucocorticoids and the sympathomedullary system which re- 
leases catecholamines [13]. In studies of the role of ad- 
renocortical influences upon analgesic responses, adminis- 
tration of the artificial glucocorticoid, dexamethasone, poten- 
tiated morphine analgesia in normal animals [28], while re- 
ducing prolonged, intermittent foot shock analgesia in nor- 
mal animals [16,19] and cold-water swim analgesia in normal 
[23] and adrenalectomized [21] animals. In contrast, cor- 
ticosteroid synthesis inhibition following metyrapone treat- 
ment potentiated cold-water swim analgesia [24]. In studies 
of the role of sympathomedullary influences upon analgesic 
responses, adrenal demedullation reduced the analgesic re- 
sponse to prolonged, intermittent foot shock [18]. To assess 
sympathomedullary mediation of analgesic responses 
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further, the present study examined the effects of adrenal 
demedullation and sympathetic dennervation upon morphine 
and cold-water swim analgesia. 
METHOD 

Surgery 

Twenty-one male Charles River hooded rats weighing be- 
tween 250 and 400 g were anesthetized with thiopental 
sodium (pentothal, 50 mg/ml sterile water/kg body weight, 
IP) and bilateral incisions were made on the dorso-lateral 
surface of the animal's lower back above the kidneys. After 
careful movement of the overlying skin, muscle and adipose 
tissue, the adrenal glands were exposed. In thirteen of the 
animals, the adrenal cortex was deflected and the exposed 
adrenal medulla was removed by aspiration (MADX group). 
In the eight remaining animals, the identical procedure was 
employed except that the adrenal medulla was not removed 
(SHAM group). All animals were sutured and allowed to 
recover from surgery. 


6-Hydroxydopamine Treatment 


Fifteen days after surgery, four of the MADX rats 
(MADX/6-OHDA group) received nialamide (100 mg/ml 
sterile water/kg body weight, IP) followed 1 hr later by 
6-hydroxydopamine (6-OHDA, Sigma: 200 mg/ml sterile 
water with 0.2 mg/ml ascorbic acid/kg body weight, IP). The 
SHAM group and the remaining MADX rats received a ve- 
hicle injection (1 ml sterile water/kg body weight, IP) fol- 
lowed 1 hr later by an ascorbic acid control injection (0.2 
mg/ml sterile water/kg body weight, IP). This injection pro- 
cedure was repeated one week later. 


Flinch-Jump Test 


Electric shocks were delivered by a 60-Hz constant cur- 
rent shock generator (BRS/LVE) and grid scrambler 
(Campden Instruments) through a 30 cm by 24 cm floor com- 
posed of 16 grids. Using an ascending method of limits, the 
flinch threshold was defined in mA as the lowest intensity 
that elicited a withdrawal of a single paw from the grids. The 
jump threshold was defined as the lowest of two consecutive 
intensities that elicited simultaneous withdrawal of both 
hindpaws from the grids. Each trial began with the animal 
receiving a 300 msec foot shock at a current intensity of 0.1 
mA. Subsequent shocks were given at 10 sec intervals while 
the current intensity was increased in equal 0.05 mA steps 
until each nociceptive threshold was determined. After each 
trial, the current intensity was immediately reset to 0.1 mA 
for the next trial and the procedure was repeated until 6 trials 
were completed. Daily flinch and jump thresholds were each 
computed as the mean of these six trials. 


Experimental Procedure 


Baseline flinch and jump thresholds were determined 
over four consecutive days immediately prior to surgery 
(PREOP) and also beginning at 10 days after surgery 
(POSTOP). One day following the second series of injec- 
tions, the animals were exposed to four pairs of experimental 
sessions over eight successive days. The first day of each 
paired session was always programmed as a placebo control 
day and comprised the post-injection (POSTINJ) baseline 
data. The second day of each paired session was pro- 
grammed as an experimental day. In the first experimental 
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session for half of the subjects, rats were forced to swim for 
3.5 min in a 2°C water bath 30 min prior to flinch-jump 
testing. In the second experimental session, the animals re- 
ceived a subcutaneous morphine injection (5 mg mor- 
phine/ml buffered solution/kg body weight) 30 min prior to 
flinch-jump testing. In the third experimental session, the 
animals were forced to swim for 3.5 min in a 15°C water bath 
30 min prior to flinch-jump testing. In the fourth experi- 
mental session, the animals received a subcutaneous mor- 
phine injection (2.5 mg morphine/ml buffered solution/kg 
body weight) 30 min prior to flinch-jump testing. The order 
was reversed for the other half of the subjects. The experi- 
menter conducting the flinch-jump tests was uninformed as 
to which group each animal belonged. 


Biochemical Assays 


Right and left adrenal glands were removed, immediately 
frozen on dry ice, and stored at —30°C until analyzed. For 
analysis, the frozen tissue was weighed and homogenized in 
5 ml of ice-cold 0.1 M HCI containing 0.05 ml of 5% (w/v) 
Na.S,O,. The homogenate was centrifuged for 15 min at 
10,000 x g and 4°C. An aliquot (0.1 ml) of the clear superna- 
tant was transferred to a tube containing 3.0 ml of water and 
0.05 ml of 5% NA,S,O,, 1.0 ml of 2 M Tris HCI buffer (pH 
8.6) containing 5% EDTA, and 100 mg of alumina were 
added. The tube was shaken for 10 min, centrifuged, and the 
supernatant fluid removed by aspiration. The alumina was 
washed with water (4x5 ml). Catechols were then eluted 
from the alumina with 1.5 ml of 0.5 M acetic acid. Epineph- 
rine in aliquots (0.2 ml) of the eluate was measured by the 
fluorometric method of Laverty and Taylor [14]. Recovery 
of 250 ng of epinephrine added to tissue and carried through 
the assay averaged 85.7% (S.E.M.: 2.2%; N=49). The data 
were not corrected for this recovery. To correct for varying 
amounts of catecholamine-free fatty tissue removed with the 
adrenal glands, the final results were expressed as ug of epi- 
nephrine per pair of adrenal glands. 

Hearts were minced with scissors, immediately frozen 
on dry ice, and then stored at —30°C until analyzed. For 
analysis, the frozen tissue (range: 0.8-1.5 g; mean 1.2 g) was 
weighed and homogenized in 5 ml of ice-cold 0.1 M per- 
chloric acid. The precipitated protein was removed by cen- 
trifugation for 15 min at 10,000 x g and 4°C. Norepinephrine 
and dopamine in aliquots (5 to 25 ul) of clear supernatant 
were determined radioenzymatically as previously described 
[27]. All assays were done in duplicate with internal stand- 
ards. The method does not distinguish between epinephrine 
and norepinephrine. Using a specific fluorometric method, 
however, we had previously found only very low levels 
(49+ 14 ng/g; N=5) of epinephrine in rat heart tissue. 


Statistical Analysis 


Analyses of variance were employed to reveal overall 
significant effects and pairwise comparisons were used to 
determine significant differences between means [12]. 


RESULTS 
Biochemical Determinations 


As summarized in Table 1, significant differences were 
observed among the three groups in levels of adrenal epi- 
nephrine, F(2,18)=81.39, »<0.01, and heart norepinephrine, 
F(2,18)=7.75, p<0.01, but not in levels of heart dopamine, 
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TABLE | 


CATECHOLAMINE CONCENTRATIONS IN HEART AND ADRENAL 
GLANDS FROM ADRENAL DEMEDULLATED (MADX), ADRENAL 
DEMEDULLATED/6-HYDROXYDOPAMINE-TREATED (MADX 
6-OHDA) AND SHAM OPERATED (SHAM) RATS 





Heart 
Adrenal 
Epinephrine 
(ywg/pair) 


Norepi- 
nephrine 
(ng/g) 


Dopamine 


Group (n) (ng/g) 





SHAM (8) 37.8 + 2.4 805 + 74 297 + 52 

MADxX (9) 3.4 + 1.6* 735 + 37 269+ 56 

MADX 6.6 + 2.6* 418 + 847 304 + 104 
6-OHDA (4) 





Values are means + SEM for the numbers of rats in parentheses. 
*p<0.01, compared to sham operated rats. 
*p<0.001, compared to sham operated and MADxX rats. 


F(2,18)=0.94. Adrenal epinephrine levels were significantly 
reduced in the MADX (F=122.4, p<0.01) and MADX/6- 
OHDA (F=63.3, »<0.01) groups relative to SHAM controls, 
but failed to differ from each other (F=0.90). The 


MADX/6-OHDA group had significantly lower levels of 
heart norepinephrine than either the SHAM (F=12.33, 
p<0.01) or MADX (F=9.93, p<0.01) groups which were not 
significantly different from each other (F=0.64). 


Adrenal Demedullation, 6-OHDA Injections and 
Flinch-Jump Thresholds 


As summarized in Table 2, the PREOP baseline thresh- 
olds of MADX (F=0.00) and MADX/6-OHDA (F=0.19) 
rats failed to differ from those of SHAM rats. Adrenal 
demedullation failed to alter POSTOP jump thresholds from 
either corresponding SHAM values (F=0.79) or from their 
own PREOP baseline values (F=0.72). Likewise, the 
POSTINJ baseline jump thresholds of MADX/6-OHDA rats 
failed to differ from corresponding SHAM values (F=0.34), 
from corresponding MADX values (F=0,32) or from their 
own PREOP baseline values (F=1.40). In short, it appears 
that neither adrenal demedullation nor peripheral 
6-hydroxydopamine treatment altered jump thresholds sig- 
nificantly. In like fashion, flinch thresholds failed to differ 
significantly among the three groups, F(2,19)=0.03, among 
the three conditions, F(2,36)=0.01, or for the interaction be- 
tween groups and conditions, F(4,36)=0.64. 


Cold-Water Swim Analgesia 


As summarized in Table 3, the three groups failed to differ 
significantly in their analgesic responses following either a 2°C 
swim, F(2,18)=1.55, or a 15°C swim, F(2,18)=0.32, as 
measured by jump thresholds. Similarly, the increases in 
flinch thresholds following the 2°C swim, F(2,18)=0.24, and 
the 15°C swim, F(2,18)=0.65, failed to differ among groups. 


Morphine Analgesia 


As summarized in Table 3, the three groups failed to differ 
significantly in their analgesic responses following either the 


TABLE 2 


JUMP THRESHOLDS (+SEM) OF MADX, MADX/6-OHDA, AND SHAM RATS FOR 
PRE-OPERATIVE (PREOP), POST-OPERATIVE (POSTOP) AND POST-INJECTION 
(POSTINJ) BASELINE CONDITIONS 





Group (n) PREOP 


POSTOP POSTINJ 





SHAM (8) 
MADxX (9) 
MADX/6-OHDA (4) 


0.396 + 0.022 
0.396 + 0.012 
0.381 + 0.020 


0.443 + 0.025 
0.441 + 0.017 
0.423 + 0.025 


0.427 + 0.036 
0.430 + 0.031 
0.384 + 0.010 





TABLE 3 


DIFFERENCES IN JUMP THRESHOLDS (+SEM) CAUSED BY COLD-WATER SWIMS 
OR MORPHINE IN MADX, MADX/6-OHDA AND SHAM RATS 





Treatment 


Animal Group 


MADX MADX/6-OHDA 
(9) (4) 





Cold-Water Swim 
3.5 min at 15°C 
3.5 min at 2°C 

Morphine Injection 
2.5 mg/kg 
5.0 mg/kg 


0.120 + 0.039 
0.416 + 0.060 


0.102 + 0.029 
0.120 + 0.037 


0.173 + 0.056 
0.606 + 0.065 


0.110 + 0.052 
0.448 + 0.068 


0.109 + 0.033 
0.206 + 0.038 


0.025 
0.049 


0.119 
0.208 





Difference scores (in mA) were calculated by subtracting the paired placebo 
control threshold from the experimental threshold. 
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5 mg/kg, F(2,18)=1.31, or 2.5 mg/kg, F(2,18)=0.14, mor- 
phine doses as measured by jump thresholds. Similarly, the 
increases in flinch thresholds following the 5 mg/kg, 
F(2,18)=1.50, and 2.5 mg/kg, F(2,18)=0.62, morphine doses 
failed to differ among groups. 


DISCUSSION 


Removal of the adrenal medulla, which resulted in 91% 
and 83% depletions of adrenal epinephrine in the MADX and 
MADX/6-OHDA groups, respectively, failed to alter signifi- 
cantly the analgesic responses observed following morphine 
or cold-water swims. Moreover, reductions in peripheral 
norepinephrine, as measured by a significant 43% decrease 
in heart norepinephrine content in the MADX/6-OHDA 
group also failed to alter the analgesic responses following 
the two analgesic treatments. The absence of significant al- 
terations could not be attributed to alterations in POSTOP or 
POSTINJ baseline thresholds since these values failed to 
differ from PREOP thresholds. Also, the order in which the 
experimental manipulations were presented failed to 
produce any significant differences. Thus, despite the 
marked depletion of adrenal epinephrine and heart norepi- 
nephrine, adrenal demedullation and sympathetic dennerva- 
tion failed to alter the analgesic responses to morphine and 
cold-water swims from SHAM-operated controls. 

Alterations of various components of the pituitary- 
adrenal axis appear to affect analgesic responses in a differ- 
ential fashion as a function of the analgesic manipulation. 
Prolonged foot shock analgesia is reduced following hy- 
pophysectomy [19, 22, 29], adrenalectomy [18,19], dex- 
amethasone treatment [19] and adrenal demedullation [18], 
thereby implicating both the adrenocortical and sym- 
pathomedullary systems in the mediation of this analgesic 
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response. Since prolonged foot shock analgesia is reversed 
by opiate antagonists [11, 16, 20] and is cross-tolerant with 
morphine [5,17], it would appear that morphine analgesia 
should be affected similarly following these manipulations. 
Yet, in contrast, morphine analgesia is potentiated following 
hypophysectomy [3, 10, 25], adrenalectomy [6, 8, 9, 31] and 
dexamethasone treatment [28], and, as demonstrated in the 
present results, is unaltered by adrenal demedullation and 
sympathetic dennervation. 

Like foot shock, cold-water analgesia is reduced follow- 
ing hypophysectomy [2], but is altered differentially by ad- 
renal manipulations. Adrenalectomy potentiates cold-water 
swim analgesia [8] as does corticosteroid synthesis inhibition 
[24], indicating that the glucocorticoids may be acting as an 
inhibitor of a system mediating this stress response. Since 
dexamethasone, an artificial glucocorticoid, reduces cold- 
water swim analgesia in normal [23] and adrenalectomized 
[21] rodents, it is assumed that this inhibition may be occur- 
ring in the negative feedback loop of the adrenocortical sys- 
tem [13], and suggests that mediation of this stress response 
is centered in the anterior lobe of the pituitary. This latter 
notion is supported further by the finding that removal of the 
intermediate and posterior lobes of the pituitary fails to alter 
cold-water swim analgesia [7]. The present study indicates 
that the sympathomedullary system appears not to be inte- 
gral for this response, and presents further evidence for the 
existence of multiple pain-inhibitory pathways. 
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BROOKE, J. D.. A. CHAPMAN, L. FISCHER AND P. ROSENROT. Between-minute stability of habituated human skill 
with modestly lowered blood glucose. PHYSIOL. BEHAV. 296) 1111-1115, 1982.—Modestly lowered blood glucose (G) 
occurs with fasting and exercise, increasing variability in forces applied during repetitions of an habituated cycling task. Its 
effect was studied on stability of the movement cycle pattern of forces from minute to minute. Forces applied at 26 
positions in the movement cycle were correlated with each other over 20 one minute samples. Six young men worked (a) 3 
hr post-prandial, or as (a) but terminated by feeding 100 g (G) slurry (b) immediately before or (c) 30 minutes before 
exercise. For each sample, data were averaged over subjects, feet, exercise loads (100 W; 150 W) and 40 movement 
cycles. Over all conditions together, the movement cycle forces were strongly patterned, implying control by pre-set neural 
programs. Evoked depressions of blood G below fasting coincided with significant reduction in this patterning. It is 
suggested that in neural control circuits with modestly depressed blood G, there may be increased sensitivity to feedback 


over movement cycles. 
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EXERCISE and prior insulin mobilization modestly depress 
blood glucose concentrations (G) significantly below fasting 
values in humans [1 8]. This can decrease the control of 
a repetitive habituated task [2]. When the force required at 
separate points in a habituated movement is examined from 
one task repetition to the next, variability increases when 
blood G is depressed. Such changes in applied force do not 
appear to be due to limiting factors at the active skeletal 
muscle [1]. Rather the increased variability probably reflects 
changes in the outcome of the combined firing of CNS 
neurons determining motor control. This may be due to in- 
sufficient metabolic fuel for particular neuronal pools, or 
may stem from more indirect sources through altered levels 
of CNS transmitters or altered patterns of afferentation to 
motor control neurons. 

In the task used, the application of force to a pedal during 
bicycling, substantial control of the applied force exists [4]. 
As can be seen from Fig. 1, the forces applied around the 
pedal cycle form a stable pattern so that the forces at indi- 
vidual points are likely to be interdependent. It may be that 
this pattern becomes less stable with glycemic disturbances, 
as well as individual force points becoming more variable. 
Alternatively, the latter variance could be the result of the 
whole pattern oscillating from repetition to repetition. The 
pattern interdependence can be described by intercorrelating 
the mean forces applied at the various points around the 





pedal revolution from minute to minute of performance. 
High positive intercorrelation of points would occur when 
for one minute all points in the revolution were high, in an- 
other minute all were low, etc. Non-correlation would de- 
scribe the reverse, i.e., independence existing between pedal 
phase points from minute to minute. It was hypothesised 
that, for the minute-to-minute stability of this habituated 
task, modest glycemic depression reduces the pattern stabil- 
ity, i.e., increases such independence between the forces at 
individual points in the movement. 


METHOD 


Prior reports exist of the details of apparatus [4], subjects 
and procedures [2], which were approved by the University 
human experimentation committee. Six healthy young males 
were clinically screened and instructed to control diet and 
behaviour for 3 days before trials, which were made three 
hours post-prandial. Subjects performed in 3 conditions (a) 
unfed (fasted), (b) fed 100 g G as a slurry in 150 ml of water 
with 10 ml of pure lemon juice at the start of exercise and (c) 
as (b) but fed 30 minutes before exercise. Subjects rested for 
30 minutes, then exercised for 20 minutes on a Monark er- 
gometer with modified pedals. Before activity started, sub- 
jects were instructed to maintain a pedal revolution rate of 60 
rpm by reading the ergometer speedometer dial marked for 
the correct speed. 
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FIG. 1. Mean values and average standard deviations for force 
applied at 26 positions of the pedal revolution, pooled over 6 sub- 
jects, 3 dietary conditions, 2 work loads and 2 feet (from Brooke et 
al. [2)). 


Blood was sampled from fingertip capillaries for G 
analysis pre- and post-exercise. Mean values were deter- 
mined for force applied at each of the 26 pedal points, each 
mean being from a sample of 40 pedal revolutions, with one 
sample taken per minute for 20 minutes. Subjects worked at 
100 W and 150 W exercise loads. In an earlier analysis there 
was no significant difference in glycemic effect between 
exercise loads or between values for the two feet [2]. There- 
fore both these factors were pooled to obtain the present 
mean values per minute. 

A 26X26 matrix of Pearson product-moment correlations 
for the mean pedal forces over the 20 one minute samples 
was set up for each of the 3 conditions. Such matrices were 
also set up for three segments of this exercise, (a) early, 4-8 
minutes from the start of exercise, (b) middle, 9-13 minutes 
and (c) late, 14-18 inclusive. 

Data analysis was constrained by potential non- 
independence within the factor levels of (1) pedal revolution 
points, (2) minutes of exercise and (3) repeated trials by the 
same subjects under different conditions. 

The dependence of the pedal points was addressed by the 
correlation coefficients. A criterion for dependence between 
points was set at r equal to or greater than 0.44, the value 
that would have been significant at the 5% level if the degrees 
of freedom had represented independent sample items. Then 
McNemar’s test for the significance of change between de- 
pendent samples [14] was used to test by Chi-square the 
differences between the incidence of criterion correlations 
for each of the conditions. This test accounted for the third 
type of dependence noted in the previous paragraph, that 
due to the repeated trials of subjects over conditions. The 
correction for continuity was applied [14]. 

In the McNemar test the total number of incidents in the 
binomial table (did: did not occur) was a function of the 
transducer technology, i.e., the number of points sampled in 
a movement cycle and the number of minute samples taken. 
Thus the number of sampling units to calculate Chi-square 
was under experimenter manipulation. A conservative view 
therefore was taken in discussion of the results. (Mul- 
tivariate solutions, such as comparisons of principal compo- 
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Pedal Position 
(1 =top dead centre; —14° per pedal position) 
FIG. 2. Plot of criterion correlations between forces for 26 positions 
in the pedal revolution over 20 samples (minutes of exercise) for the 
three conditions of fasted, fed at the start of exercise and fed 30 
minutes before exercise (dotted—negative p<0.05; hatched— 
positive p<0.05; solid—positive p<0.001). 


nents, were considered. However, the low ratio of subjects 
to levels of the independent variables (6:26 x20) would have 
substantially distorted any probabilities calculated. There- 
fore the univariate procedure most appropriate to deal with 
the potential dependence was adopted). 


RESULTS 


Figure 2 shows the plot of the matrices of criterion corre- 
lations over the 20 minutes of exercise for the 3 nutritional 
states. There were significantly more such correlations in the 
‘*Fed at start of exercise’’ condition, (b), which maintains 
blood glucose concentration, when compared with the other 
two conditions which lower blood G during exercise (Chi- 
square (1) (b) vs (a)=41.6, (b) vs (c)=41.5). For those crite- 
rion correlations occurring, the mean values for each of the 
three diets were not significantly different: (a)=.71, (b)=.79, 
(c)=.73, z r(a):r(b)=.67. 

Over the course of the experiment, interdependence al- 
tered for all conditions. Figures 3, 4 and 5 show the plots of 
criterion correlation matrices for each of the dietary condi- 
tions for the early, middle and late phases of exercise. The 
significant Chi-square values for differences in frequency of 
criterion correlations at these times are reported in Table 1. 
It can be seen that the significance of the difference in fre- 
quency between the maintained blood G and the fasted con- 
dition diminishes as the exercise progresses. With G fed 30 
min before exercise, initially the frequency of correlations is 
higher whereas by the end of exercise this has reversed, 
compared with the other two nutritional states. 

Negative correlations occurred between forces for some 
pedal points as Figs. 2 to 5 show. Table 2 reports their fre- 
quency over conditions and segments of exercise. Chi- 
square analysis demonstrated that in the early segment of 
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FIG. 3. Plot of criterion correlations between forces for 26 positions 
in the pedal revolution during minutes 3 to 8 of exercise for the three 
dietary conditions of fasted, fed at the start of exercise and fed 30 
minutes before exercise (dotted—negative p<0.05; hatched— 
positive p<0.05; solid—positive p=<0.001). 
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FIG. 5. Plot of criterion correlations between forces for 26 positions 
in the pedal revolution during minutes 14 to 18 of exercise for the 
three dietary conditions of fasted, fed at the start of exercise and fed 
30 minutes before exercise (dotted—negative p<0.05; hatched— 
positive p<0.05; solid—positive p<0.001). 


exercise significantly more such negative criterion correla- 
tions occurred for the fasting condition in comparison to 
feeding at the start of exercise. By the last exercise segment, 
feeding 30 minutes before exercise revealed significantly 
more such negative correlations than either of the other two 


conditions. 
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FIG. 4. Plot of criterion correlations between forces for 26 positions 
in the pedal revolution during minutes 9 to 13 of exercise for the 
three dietary conditions of fasted, fed at the start of exercise and fed 
30 minutes before exercise (dotted—negative p<0.05; hatched— 
positive p<0.05; solid—positive p=<0.001). 


TABLE | 


INCIDENCE OF POSITIVE CRITERION CORRELATIONS (0.44 OR 
GREATER) BETWEEN FORCES AT DIFFERENT PEDAL POINTS 
OVER THE THREE SEGMENTS OF EXERCISE AND THE 
THREE DIETARY CONDITIONS 





Incidence for 
Segment of Exercise 
(in Minutes) 
Comparison of 


Conditions 14-18 


3-8 9-13 





(a) Fasting vs 88 
(b) Fed at start of exercise 160 
Chi-square 43.3 


(a) Fasting vs 88 325 
(c) Fed 30 min before excercise 192 124 
Chi-square 73.7 N.S. 199.0 
325 
124 
199.0 


(b) Fed at start of exercise 160 
(c) Fed 30 min before exercise 192 
Chi-square 10.58 N.S. 





Significance of changes in incidence between conditions assessed 
by McNemar’s test [14] at the 0.05 level. 


Figure 6 shows the blood G values before and after exer- 
cise for the three dietary conditions. The values were very 
similar to our earlier reports of modest but significant de- 
pression of the basal blood G concentration with exercise, 
and maintenance of that concentration with feeding as exer- 
cise starts [1]. 





TABLE 2 


INCIDENCE OF NEGATIVE CORRELATIONS (—0.44 OR GREATER) 
BETWEEN FORCES FOR DIFFERENT PEDAL POINTS OVER THE 
THREE DIETARY CONDITIONS AND PERIODS OF EXERCISE, 
TOGETHER WITH McNEMAR TEST CHI-SQUARE STATISTICS FOR 
COMPARISONS SIGNIFICANTLY DIFFERENT AT THE 0.05 LEVEL 





Condition 


(b) 
Fed at (c) 
start of Fed 30 min 
exercise befor exercise 


Exercise (a) 
Period Fasting 





Ist Segment 67 31 48 
4-8 min (a) vs 
Chi-square (b)=10.1 

2nd Segment 0 0 
9-13 min 

3rd Segment 105 
14-18 min (a) or (b) 
Chi-square vs (c)=103.0 

Total Time 2 





DISCUSSION 


The forces applied over a pedal revolution are very 
strongly patterned into a cohesive whole, as the correlations 
in Fig. 2 demonstrate. The data indicate common modula- 


tions of force to the extent of 500 to close to 1000 msec, a 
complete pedal revolution. The early phase of exercise is 
moderately interdependent with the middle and later phases 
even more stable. Such high dependence strongly suggests 
the operation of internal motor programs [9, 11, 12, 14], little 
interrupted by adjustments within the movement cycle. This 
motor control can be expected to operate as a lattice-like 
hierarchy involving multiple adjustments to the descending 
motor signals [6]. Beyond expecting the control to have 
substantial subcortical involvment, by virtue of the auto- 
matism in output [10], it is inappropriate to speculate from 
the present data to specific neuronal pools. 

The changes in pattern stability over the dietary condi- 
tions strongly supported the research hypothesis. Over the 
20 minutes of activity, when the blood G level was main- 
tained by feeding at the start of exercise, significantly more 
interdependence occurred than in either of the two condi- 
tions evoking blood G depression. 

Over segments of the exercise period, again this reduced 
patterning of the whole movement could be identified when 
blood G was depressed. Thus feeding 30 min before exercise 
resulted in significantly more interdependence than in the 
other two conditions in the early part of exercise. This 
changed in the middle of exercise to reverse by the later 
phase. A similar effect occurs if feeding at the start of exer- 
cise is compared to the fasted state. In the early and middle 
segments the fed state showed more interdependence; fed 
was not different from fasted in the late phase, where de- 
pressed fasting values may be under partial restoration 
through glucagon mobilization [7,15]. The present pre-post 
data on blood G offer no insight into this within-exercise 
change but earlier metabolic studies suggest such restoration 
is likely [1, 3, 9]. 
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FIG. 6. Mean blood glucose concentrations pre-post exercise for the 
dietary conditions of unfed, fed at the start of exercise and fed 30 
minutes before exercise. 


The incidence of negative correlations followed the pat- 
tern for positive ones. Such correlations may indicate con- 
pensatory interactions from minute to minute so that forces 
too low in relation to other forces at one time are relatively 
elevated in later minutes. 

No significant effect across conditions was seen in the 
mean size of the criterion correlations which occurred. Nor 
did particular groups of points show more stable patterning 
than others, as a function of the dietary conditions. This was 
in contrast to earlier results on variability of individual points 
from cycle to cycle, where the changes in blood glucose had 
most affect at points of marked change in the df/dt algorithm 
[2]. 

It is unlikely that these patterning changes over time 
intervals are specific to one minute intervals. Mean data for 
such intervals were available for study because this was the 
product of the available transducing and software. It is more 
likely that the changes reported actually represent pattern 
stability or variability from movement cycle to movement 
cycle. We are developing our technique to obtain such single 
cycle patterns of data. 

The modest depression of blood G could be modifying the 
motor efferent flow by a number of routes, sensory, appeti- 
tive, transmitter substance or neuronal metabolism. These 
routes are not the focus of the present paper: there may be 
experimental potential in evaluating them. Currently it is 
clear that there is an effect occurring, of significance for 
behaviour, and with a neural origin which appears worthy of 
pursuit. In reducing control of behaviour this effect also has 
implications for field tasks involving automation of human 
movement. Although involving measurement of 58,000 
movement repetitions, there were only six subjects in the 
present study. There is need to pursue this patterning change 
further and to evaluate its field significance on an appropri- 
ate task. 
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RICHARDSON, R., D. C. RICCIO AND S. MOLENDA. Reducing vulnerability to retrograde amnesia treatment: Can 
new memory be deactivated? PHYSIOL. BEHAV. 296) 1117-1123, 1982.—A series of six experiments examined the 
**deactivation”’ of memory as indexed by the attenuation of retrograde amnesia (RA). Experiments la~c demonstrated that 
a surprising and highly arousing event (a life-threatening situation) during the training-amnestic agent interval does not 
attenuate RA, but rather, may potentiate it. However, Experiments 2a—-c demonstrated that placement in a familiar 
environment (the home cage) during the training-amnestic treatment interval does attenuate RA. The results of these 
experiments are consistent with Miller and Marlin’s [16] suggestion that novel postacquisition events maintain a memory in 
an active state, whereas familiar postacquisition events deactivate memory and thus protect it from the amnestic effects of 


a hypothermia treatment. 
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THAT the severity of experimentally induced retrograde 
amnesia (RA) lessens as the interval between acquisition and 
amnestic treatment increases is a well documented principle 
of memory processes. However, it has also been demon- 
strated that RA can be induced for an old, earlier established 
memory if a brief exposure to some aspect of training (a 
reactivation procedure) immediately precedes the amnestic 
agent [17]. For example, in several recent studies RA has 
been obtained for a passive avoidance response 24 hours 
after conditioning by presenting the conditioned fear cues 
alone [6,13], or in conjunction with footshock [6] im- 
mediately prior to the amnestic agent. Findings such as these 
are consistent with Lewis’ [10] proposal that it is the state of 
activity of the memory rather than its age which determines 
susceptibility to an amnestic agent. 

This evidence that the temporal vulnerability to RA can 
be extended raises the converse question of whether the du- 
ration of susceptibility can be decreased. That is, if RA can 
be induced for an old memory by reactivation, could RA for 
a newly acquired memory be attenuated or prevented by the 
‘deactivation’ of that memory? 

Whether the processes initiated by a training trial are 
viewed in terms of consolidation [14] or rehearsal [22], it ap- 
pears that newly acquired information gradually shifts from 
an active to an inactive state. Lewis’ [10] notion that only 
active memories are susceptible to amnestic treatment im- 
plies that if a new memory could be made inactive then am- 
nesia would be blocked. A more general question is whether 
the processing of information (for a given type of event) is 
temporally invariant or whether its rate of change is modifi- 
able. The variety of studies showing that exposure to various 
aspects of the environment or amnestic treatment prior to 
training can lessen RA (familiarization effect or FAM) 


suggest that the temporal course of memory activation may 
be modifiable [7, 8, 11, 12], although other interpretations 
are possible. An alternative strategy to alter the duration of 
memory vulnerability would involve postacquisition manipu- 
lations designed to terminate processing of information. At- 
tenuation of RA would suggest that memory had become less 
accessible to the disruptive effects of an amnestic agent. 

One approach which might be effective in altering the rate 
of memory processing consists of exposing subjects shortly 
after training to a behavioral event which is stressful and 
surprising. There is evidence that pharmacological manipu- 
lations (e.g., injection of stimulants such as caffeine or 
nicotine) prior to ECS block the usual amnestic effect of that 
treatment [4], so the release of endogenous hormones during 
exposure to a stressor might yield effects on RA similar to 
drug injections. Furthermore, if memory is maintained in an 
active state by rehearsal-like processes, then an unexpected 
or surprising event might terminate this processing. In this 
connection, Wagner et al. [22] have previously shown that 
Pavlovian conditioning in rabbits is impaired by a surprising 
post-trial episode. They interpreted this outcome as the re- 
sult of disrupted rehearsal by an event that commands the 
organism’s limited processing capacity. 

In a retrograde amnesia paradigm any post-training ma- 
nipulation must be brief otherwise the reduction in RA witha 
long training-treatment delay will obscure any attenuation of 
amnesia that might occur through deactivation of memory. 
In keeping with these constraints, we chose a short period of 
submersion in water as an event which, while perceivable as 
a life threatening situation (LTS), involves no tissue damage 
or long term debilitating effects. There seems little doubt, 
however, that LTS captures the subjects full attention and 
qualifies as stressful and surprising. Thus, the treatment 
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seems potent but brief. Experiments la through Ic examined 
the effect of LTS on the severity of hypothermia-induced 
RA. 


EXPERIMENT la 


If LTS is capable of ‘‘deactivating’’ a memory, then a 
group of animals receiving LTS interpolated between condi- 
tioning and the amnestic treatment should show less memory 
loss than subjects receiving only the amnestic agent after 
training. While a failure by LTS to alleviate amnesia might 
indicate that rate of memory processing was not altered, an 
alternative interpretation is that the LTS itself has a detri- 
mental effect on memory. For example, if LTS deactivates 
memory, any apparent ‘“‘amnesia’’ could be the result of im- 
paired acquisition from reduced rehearsal time (cf. [22]). To 
test for this latter possibility a group of animals that received 
LTS but no amnestic treatment after conditioning was in- 
cluded. Any disruptive effects of the LTS treatment itself 
would be evidenced by this group. Although memory im- 
pairment by LTS would hinder investigation of our original 
question, obtaining RA-like deficits with a behavioral 
episode not involving CNS impairment would be of consid- 
erable interest in its own right. 


METHOD 
Subjects 


Twenty-nine adult male Holtzman rats (60-80 days of age) 
served as subjects. All were individually housed in standard 
wire mesh cages, ear-punched for identification purposes, 
and given food and water ad lib. They were handled for 


approximately 3 minutes daily for three days prior to the 
experiment. 


Apparatus 


A 47xX18.5x22.7 cm Plexiglas chamber was used for 
conditioning. The apparatus was separated into two equal 
sized compartments—one completely black and one white 
with a clear Plexiglas lid. A guillotine doorway (8x8 cm) 
separated these two compartments. The floor consisted of 
0.2 cm metal grids spaced | cm apart, and only the grids in 
the black compartment were connected to an unscrambled 
shock source. A 15 W light bulb was suspended 30 cm above 
the center of the white compartment. A clear Plexiglas 
chamber (28 x9x 12 cm) with a grid floor to allow the passage 
of water was used as the submersion (dunking) box. 


Procedure 


Fear conditioning consisted of placing the subject on the 
white side of the apparatus facing away from the guillotine 
door. After 10 sec had elapsed the door was raised and la- 
tency to cross through into the black compartment (all 4 
paws) was recorded. The door was then lowered and a 3 sec 
inescapable shock (0.51 mA) was delivered. Upon termina- 
tion of shock all subjects were removed from the black com- 
partment and placed in the submersion chamber. 

Following the training trial, two groups of subjects (LTS, 
n=9; LTS/HYPO, n=9) were placed in the dunking chamber 
and completely submersed in room temperature water for 
75—90 sec. A third group of animals received deep body cool- 
ing (HYPO, n=6) 75-90 sec after training but no interpolated 
LTS exposure. For a fourth group, only training was ad- 
ministered. Because most rats tested 24 hours after one-trial 
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FIG. |. Effects of a life threatening situation (LTS), deep body 
cooling (HYPO), or both, upon retention of a passive avoidance 
response. Untreated retention controls are indicated as RC. 


punishment training show nearly maximal retention per- 
formance [13], we employed relatively few (n=5) subjects in 
this retention control (RC) condition. As differences among 
the groups exposed to the life threatening situation were the 
primary focus of interest, the single training-only group pro- 
vided the absolute baseline for all three subexperiments. 

The two groups of animals receiving hypothermia were 
restrained in clear cylindrical Plexiglas tubes and cooled in 
3°-4°C water until their body temperature, as measured by a 
Yellow Springs Tele-Thermometer and a rectal probe in- 
serted 3.2 cm, reached 21°C (+1°C). 

A passive avoidance test was used to measure retention 
of fear of the black compartment 24 hours after training. The 
rat was placed on the white side of the apparatus, facing 
away from the door. After 10 sec the door was lifted and the 
latency to enter the black compartment (all 4 paws) was re- 
corded. As the test duration was fixed at 600 sec, an addi- 
tional measure of the total time spent on the white (safe) side 
(TTW) was also obtained. 


RESULTS AND DISCUSSION 


A Kruskal-Wallis ANOVA on the latency data indicated 
significant treatment effects among groups (H=8.69, p<0.05 
two-tailed). Although Fig. 1 suggests that LTS slightly im- 
pairs retention, the only significant pairwise comparisons 
were those made comparing the training-only group with 
either of the groups receiving hypothermia (Mann-Whitney 
U test: RC vs LTS/HYPO, U=3, p<0.01; RC vs HYPO, 
U=3, p<0.05). As these results indicate, variability within 
three of the treatment groups was substantial. The Semi- 
Interquartile Ranges (SIQRs) were as follows: RC, 219; 
HYPO, 192; and LTS, 280. In contrast, the variability was 
compressed in subjects exposed to the combined effects of 
LTS and HYPO (SIQR: 67). A Kruskal-Wallis ANOVA per- 
formed on the TTW data approached but did not reach 
statistical significance (H=7.67, p<0.10). 

As both groups that received cooling differed significantly 
from the retention controls, but not from one another, it 





DEACTIVATION OF MEMORY 


appears that LTS was ineffective in ‘‘deactivating’’ the 
memory, at least as measured by resistance to amnesia. The 
pattern of results suggested, but did not confirm, an amnestic 
effect of LTS per se, as performance in subjects trained and 
exposed to LTS was not different from the retention con- 
trols. However, the possibility of some influence of the LTS 
cannot be dismissed, as the data from this group also did not 
differ significantly from the two amnesia conditions. 


EXPERIMENT Ib 


Perhaps our initial attempt to deactivate memory was un- 
successful because the challenging episode was administered 
shortly after acquisition, i.e., when memory processing 
should be most active. If the temporal gradient of declining 
amnesia reflects, in part, the decreased state of activity of 
information following a learning episode, then LTS might be 
more effective if administered after a short delay. Obviously, 
with a long delay the baseline amnesia would no longer be 
obtained, but slightly postponing the administration of LTS 
after training might permit the stressful episode to modulate 
an already diminished level of memory activity. The follow- 
ing experiment took advantage of the delay gradient in an 
attempt to deactivate memory. 


METHOD 
Subjects 


Twenty-seven adult male Holtzman rats, 80-100 days of 
age, housed identically to subjects in Experiment la were 
used. 


Apparatus and Procedure 


Apparatus and procedures were the same as in Experi- 
ment la with the exception that LTS was initiated 5 min after 
the training trial and was reduced in duration to 45 sec: 
correspondingly, the hypothermia treatment was initiated 5 
min 45 sec after training. For all subjects the 5 min interval 
was spent in the dunking box. Following the single punish- 
ment training trial, groups of rats (n=9) received either de- 
layed LTS, delayed LTS and hypothermia, or delayed 
hypothermia. An estimate of baseline retention was provided 
by the training-only group from Experiment la. 


RESULTS AND DISCUSSION 


A Kruskal-Wallis ANOVA applied to the data from all 
four groups (including the retention controls from 1a) indi- 
cated no significant treatment effects (H=5.96, p>0.10, la- 
tency; H=6.13, p>0.10, TTW). Even the nonconservative 
approach of making pairwise comparisons indicated that the 
only significant effect was that retention controls differed 
from the LTS/HYPO group (U=2, p<0.02) on both the la- 
tency and TTW measures. Median latency scores for the 
HYPO, LTS/HYPO, LTS, and RC groups were 95, 26, 26, 
and 578 seconds, respectively. Median TTW scores for the 
HYPO, LTS/HYPO, LTS, and RC groups were 175, 132, 129 
and 595 seconds, respectively. 

Despite the short median latency in the group receiving 
only LTS after training, because of a nearly bimodal distri- 
bution of scores in this group it failed to differ reliably from 
retention controls. An index of the variability is provided by 
the SIQRs which were 197, 105, 263, and 219 for the HYPO, 
LTS/HYPO, LTS, and RC groups, respectively. As in Ex- 
periment la, variability was less among subjects receiving 
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the life threatening situation and deep body cooling. The fact 
that the LTS group was not significantly different from the 
two hypothermia conditions suggests that a stressful episode 
may have produced a modest retroactive impairment of re- 
tention. 

As the 5 min delay between training and hypothermia did 
not significantly lessen the severity of amnesia, any attenua- 
tion of RA by the combined LTS/HYPO might not have been 
detected any more readily than in Experiment la. However, 
again there was no suggestion that the combined LTS/HY PO 
protected memory; if anything, the effect was in the opposite 
direction. This raised the possibility that a surprising 
postacquisition episode might have an effect opposite of 
what was hypothesized, i.e., potentiation rather than at- 
tenuation of RA. 


EXPERIMENT Ic 


Although the purpose of the life treatening distractor was 
to deactivate memory, the stressful aspects of LTS may have 
maintained that memory in an active state (cf. [15,20]). Ac- 
cordingly, if memory activity were prolonged by LTS this 
might be reflected in an extended duration of susceptibility 
to RA, as Experiment Ib hinted. In this experiment the 
interval between training and hypothermia was increased to 
15 min and the critical group of subjects received a series of 
brief dunking exposures (total of 5) distributed throughout 
the interval. If LTS results in persistence of memory activ- 
ity, RA should be enhanced relative to that exhibited in con- 
trols given amnestic treatment after the same 15 min delay. 


METHOD 


Subjects 


Two groups of adult male Holtzman rats (70-80 days of 
age) were used. Fear conditioning, hypothermia treatment, 
and testing were the same as in prior experiments. Both 
groups received hypothermia 15 min after fear conditioning. 
However, during this interval one group (LTS/HY PO, n=6) 


received repeated submersion treatments (45 sec) im- 
mediately, and every 3 min thereafter for a total of 5 LTS 
exposures. The other rats (HYPO, n=7) spent this 15 min in 
the *‘dunking’’ box but were not actually submerged. 


RESULTS AND DISCUSSION 


A Kruskal-Wallis ANOVA on latency data indicated a 
significant treatment effect (H=6.26, p<0.05). The median 
latencies were 27 and 38 sec for the LTS/HYPO and HYPO 
groups, respectively. For the same two groups the SIQRs 
were 174 and 242. As this variability suggests, a somewhat 
different perspective of the central tendency is given by the 
means: LTS/HYPO=108; HYPO=211; RC=439. Pairwise 
comparisons indicated that the test performance in the 
LTS/HYPO group was inferior to retention controls (U=3, 
p<0.025), although there were no other reliable differences. 

The pattern of results are in agreement with the 
possibility that vulnerability to amnestic treatment was 
maintained for a longer period when subjects were exposed 
to LTS during the interval. More importantly, the data in this 
and the preceding experiments are clearly inconsistent with 
the hypothesis that LTS reduced or prevented amnesia. 


EXPERIMENT 2a 


Although research indicates that pharmacologically- 
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induced arousal can attenuate RA [4], no such effect was 
found in Experiments la—c for what might be viewed as be- 
haviorally induced ‘‘arousal.”’ In fact, it would appear from 
experiments |b and c that, if anything, administration of a 
stressor after fear conditioning potentiated rather than at- 
tenuated amnesia. Thus, our original notion that memory can 
be deactivated by exposure to a life-threatening situation 
seems untenable. 

However, a totally different approach to deactivating 
memory is suggested by Miller and Marlin’s [16] analysis of 
conditions which protect memory from an amnestic agent. 
According to these authors, ‘‘Information processing that 
immunizes memories to ECS occurs at a rate inversely re- 
lated to the rate of novel information impinging upon the 
organism” ({16] p. 153). From this perspective, LTS, a 
highly novel event, would not attenuate RA whereas expo- 
sure to some familiar event during the training-hypothermia 
interval might reduce memory loss. Accordingly, in the fol- 
lowing experiments we inverted our original strategy and, 
after the training trial, placed subjects in a highly familiar 
environment, viz, their home cage, for several minutes prior 
to initiating hypothermia treatment. To further enhance 
familiarity and ‘‘safety’’ aspects of the situation, food (Ex- 
periments 2a and c) or water (2b) was provided in the home 
cages for appropriately deprived animals. Thus, during a 
short delay interval between conditioning and amnestic 
treatment the experimental animals were exposed to highly 
familiar environmental events; controls were placed in a 
novel holding cage. 


METHOD 


Subjects 


Twenty-five naive adult male Holtzman rats (96-106 days 
of age) served as subjects. All animals were individually 
housed and ear-punched for identification purposes. Water 
was available ad lib, but food was removed 48 hours prior to 
fear conditioning. 


Apparatus and Procedure 


The training apparatus in this experiment was a 
38 x 18x21 cm black-white shuttle box with a 8x8 cm guil- 
lotine doorway separating the two compartments. The floor 
consisted of 1 mm stainless steel grids spaced | cm apart. A 3 
sec inescapable, scrambled shock (1.05 mA) could be deliv- 
ered to the black compartment of the apparatus. A 15 W light 
bulb was suspended 30 cm above the center of the white 
compartment. The same training procedures employed in the 
previous experiments were used. 

Immediately upon termination of the shock the animals 
were removed from the black compartment and received 
one of three treatments (randomly determined). One 
group of subjects (HD, n=8) was simply placed in an empty 
holding cage (43x24x15.5 cm polycarbonate breeding col- 
ony cage) for 60 sec. Another group of subjects (HD/HY PO, 
n=8) was also placed in the holding cage for 60 sec, but 
received hypothermia treatment immediately after being re- 
moved from the holding cage. Subjects in the third group 
(HM/HYPO, n=9) were placed in their home cage with food 
available for 60 sec and upon removal were given deep body 
cooling. The hypothermia treatment was the same as in the 
preceding experiments. 

On the following day all subjects were returned to the 
training apparatus and tested for fear of the black compart- 
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ment. Testing was conducted as described in Experiment la. 
If a familiar environment during the post-acquisition phase 
stops processing and ‘‘deactivates’’ memory then animals 
exposed to their home cages prior to hypothermia should 
display less RA than subjects exposed to a novel holding 
cage prior to hypothermia. 


RESULTS 


While a Kruskal-Wallis ANOVA on latency data indi- 
cated no significant treatment effect (H=5.75, p<0.10), 
examination of the predicted outcomes indicated that 
animals placed in the familiar home cage environment prior 
to hypothermia were not different from the retention con- 
trols (U=21, p>0.10) whereas subjects placed in the holding 
cage prior to hypothermia had significantly shorter scores 
than the retention controls (U=8, p<0.02 one-tailed). An 
identical pattern of results was obtained with the TTW 
measure. The less severe amnesia in subjects exposed to a 
familiar environment between training and hypothermia 
suggests that this behavioral manipulation may have been 
effective in deactivating memory. The following experiment 
attempted to replicate the finding of decreased susceptibility 
to amnesia under slightly altered conditions. 


EXPERIMENT 2b 
Subjects 


Twenty-nine adult male naive Holtzman rats (100-111 
days of age) served as subjects. All were individually housed 
and ear-punched for identification purposes. Food was 
available ad lib, but water was removed 48 hours prior to 
conditioning. 


Procedure 


As in Experiment 2a, rats were randomly assigned to one 
of 3 groups: HD/HYPO (n=10), HM/HYPO (n=10), HD 
(n=9). All procedures were identical to Experiment 2a with 
the exception that the conditioning-hypothermia interval was 
lengthened to 2.5 min and water, instead of food, was avail- 
able during that time to the home cage group (HM/HYPO). 


RESULTS 


Kruskal-Wallis ANOVAs indicated a significant treat- 
ment effect with the latency measure (H=6.55, p<0.05), but 
not the TTW measure (H=5.008, p<0.10). Subsequent 
Mann-Whitney U tests with latency data (see Fig. 2) 
demonstrated that the HD/HYPO group differed from the 
HD group (U=15, p<0.02 two-tailed) but the HM/HYPO 
group did not (U=55, p>0.10). The SIQRs were: HD, 241: 
HD/HYPO, 119; and HM/HYPO, 281. This pattern of re- 
sults, in which amnesia is attenuated in the home cage group, 
is similar to that found in Experiment 2a, although the inter- 
val between training and hypothermia was lengthened from 
60 sec to 150 sec, and water rather than food was available 
during that interval. 


EXPERIMENT 2c 


Although the preceding two experiments suggest that a 
familiar enviornment between training and amnestic treat- 
ment alters memory processing and thereby protects the 
target information from amnesia, the evidence is indirect in 
that comparisons were made with respect to retention con- 
trols. The case would be stronger if in the amnesia condition 
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FIG. 2. Effects on retention of posttraining exposure to the familiar 
home cage (HM) environment or a holding cage (HD) in groups later 
receiving amnestic treatment (HYPO) or not. 


the home cage group were shown to differ from the holding 
cage group. Perhaps this effect was not observed previously 
because of individual differences among subjects in the 
HM/HYPO condition in attending to the cues indicating a 
familiar environment. This consideration suggests that some 
independent measure that subjects attend to and recognize 
the familiar environment is needed. One convenient index of 
familiarity with the home cage environment is that subjects 
engage in consummatory activity. Presumably animals rec- 
ognizing that they were in a familiar, and safe, environment 
would commence eating. Accordingly, in Experiment 2c 
hungry animals were exposed to food in their home cage 
during a 5 minute training-hypothermia interval and any 
animal that had not begun eating with 30 sec was excluded. 


METHOD 
Subjects 


Thirty-three adult male naive Holtzman rats (86-145 days 
of age) served as subjects. All were individually housed and 
ear-punched for identification purposes. Water was available 
ad lib, but food was removed 48 hours prior to conditioning. 


Procedure 


All subjects were fear conditioned in the same fashion as 
in the previous experiments, except that a 1.5 sec, 0.50 mA, 
unscrambled footshock was administered. It was hoped that 
with this weaker conditioning trial, any effects of the 
posttraining environmental manipulations would be ob- 
served more readily. The apparatus used in Experiments 
la—c was employed in the present experiment. Immediately 
upon termination of the footshock, subjects were removed 
from the black compartment and placed (randomly) into one 
of three treatment conditions. One group of subjects was 
placed in the holding cage for 5 min and then received 
hypothermia (HD/HYPO, n=10). A second group of 12 rats 
was placed in their home cage (HM) and given access to food 
during this 5 min period. Five of these animals which did not 
begin eating within 30 sec were discarded. The final group of 








MEDIAN TEST LATENCY 

















: 


HM HM/HYPO ~=HD/HYPO 
POSTTRAINING CONDITION 





FIG. 3. Modulation of hypothermia induced amnesia by type of 
posttraining experience. A criterion of initiating food consumption 
within 30 sec was imposed on all rats in HM (home cage) conditions. 


animals (n=11) was also placed in home cages and exposed 
to food for 5 min, but these subjects then received 
hypothermia (HM/HYPO). Four of these animals were elim- 
inated from the analyses for failing to commence eating 
within 30 sec. 


RESULTS AND DISCUSSION 


Kruskal-Wallis ANOVAs indicated a significant treat- 
ment effect with the latency (H=6.75, p<0.05) but not the 
TTW measure (H=4.89, p<0.10). The latency data are pre- 
sented in Fig. 3. Again, an indication of variability within 
each group is given by the SIQRs of 171, 242, and 154 for the 
HM, HM/HYPO, and HD/HYPO groups, respectively. 
Mann-Whitney U tests demonstrated that the group placed 
in the holding cage prior to cooling differed from both the 
group placed in the home cage (retention control) and the 
subjects returned to their home cage before hypothermia 
(HD/HYPO vs HM, U=12; HD/HYPO vs HM/HYPO, 
U=14; both p’s<0.05, two-tailed). The Home Cage and 
Home Cage/Hypo groups did not differ significantly (U=21, 
p=0.35). 

These results provide further support for the notion that a 
familiar environment ‘‘deactivates’’ memory. Animals that 
spend the 5 min training-hypothermia interval in their home 
cage, and demonstrate experimentally defined attention to 
familiar cues by quickly commencing eating, show signifi- 
cantly attenuated RA when compared to a group of subjects 
that are in a novel holding cage for the same interval prior to 
hypothermia. In fact, as is seen in Fig. 3, receiving 
hypothermia after spending 5 min in the home cage does not 
seem to produce any detectable RA, as this group performs 
equivalently to the retention control group. 


GENERAL DISCUSSION 


The present series of experiments supports the general 
proposition that post-acquisition events can modulate mem- 
ory processing and thereby alter the severity of retrograde 
amnesia. It is clear, however, that the particular post- 
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training treatments did not produce effects in accord with 
our initial hypothesis. While it seemed plausible that expo- 
sure to a highly arousing (life threatening) situation during 
the interval between training and amnestic treatment would 
deactivate memory, Experiments la-c showed no such 
protection. Rather, the LTS appears to have made memory 
more susceptible to disruption, as indicated by the slight 
flattening of the temporal gradient of susceptibility to am- 
nestic treatment (Experiments 1b-c). Enhancement of am- 
nesia by exposure to LTS might be attributed, in part, to a 
summation of memory disruption, as there was some indica- 
tion that the LTS alone altered retention. However, the in- 
creased amnesia indicates that memory could not have been 
deactivated. 

These “‘negative results’’ are particularly surprising in 
view of two interpretations of the function of LTS. First, 
LTS might simply serve as a second UCS following the foot- 
shock. But this should result in stronger acquisition, an out- 
come which tends to reduce severity of amnesia. Second, as 
the data from controls receiving only LTS administration 
suggest, this traumatic episode might act as a potent deter- 
rent to further rehersal or processing of information. Such an 
interpretation has been fruitfully applied in an analysis of 
Pavlovian conditioning. Evidence of organisms’ limited pro- 
cessing capacity has been inferred from the impairment of 
conditioning resulting from presentation of incongruent as- 
sociative events (e.g., the absence of shock to a stimulus 
previously correlated with shock) following training trials 
[9,22], although surprising post-trial episodes also can, under 
some conditions, produce an increment rather than a decre- 
ment in conditioning [3]. While the magnitude of the out- 
come obtained here was marginal, there are numerous 
differences between the present paradigm and other studies 
of incongruent events. However, it may be particularly im- 
portant that the ‘‘surprising’’ LTS event used here was un- 
signalled and thus did not involve a disparity of signal values 
[9]. It remains to be determined what types of ‘‘surprise”’ 
will interfere most effectively with processing of other con- 
temporary information: Apart from these particular consid- 
erations, we find it intriguing that to whatever extent a life 
threatening challenge interrupts processing of earlier infor- 
mation about the environment, it nevertheless fails to deac- 
tivate memory with respect to an amnestic treatment. 

In contrast with the data from the life threatening episode, 
Experiment 2a—c found that exposure to a familiar environ- 
ment (home cage) during the conditioning-amnestic treat- 
ment interval was capable of attenuating RA. This attenua- 
tion of RA was especially marked when an independent 
index of the subjects’ attention to, or ‘‘relaxation’’ in, the 
familiar environment (indicated by rapidity of onset of con- 
summatory behavior) was included. It is not obvious why the 
*‘weak”’ manipulation of placement in a familiar environ- 
ment should be effective in reducing the vulnerability to am- 
nestic treatment when a threat to survival was not. In this 
connection it is worth noting that the RA produced by deep 
body cooling is almost totally prevented when anesthesia is 
induced immediately following training [5]. Whether this re- 
duction of RA might be based upon a relaxation-like effect or 
some quite different process remains to be determined. 

In any case, the finding that a post-trial event can lessen 
memory loss presents an interesting analog to pre-training 
familiarization research. In those studies, prior exposure to 
some feature of the training or amnestic treatment reduces 
the severity of RA [7, 8, 11, 12]. And, as has been noted also, 
it is something of a paradox that a phenomenon as robust as 


RICHARDSON, RICCIO AND MOLENDA 


RA can be attenuated or eliminated in such a disarmingly 
simple manner [18]. The familiarization stimuli employed 
here appear to be orthogonal to those of training or the am- 
nestic agent, and the critical exposure was after, rather than 
before training, but the effect was similar in that memory 
was protected from RA. 

At an empirical level the present findings are reminiscent 
of, and consistent with, the so-called ‘‘detainment”’ effect. It 
has been demonstrated, both with mice [21] and goldfish [1], 
that detaining subjects in the training apparatus following 
acquisition can extend the temporal gradient of susceptibility 
to an amnestic treatment. Davis and Agranoff [1] suggested 
that the detainment phenomenon may result from the pres- 
ence of arousing stimuli in the training environment, which 
act to delay the onset of consolidation. Subsequent evidence 
that re-exposure to the training context after a brief interval 
was also sufficient to produce the detainment effect [2] led to 
the modification that the cues “‘reset’’ some phase of mem- 
ory storage. While the contextual cue exposure can also be 
interpreted in terms of a retrieval model that emphasizes the 
relationship between memory activity and effectiveness of 
RA agents [10,13], it is interesting to note that the environ- 
mental cues constituting the LTS were very different from 
those in training, yet, as in the detainment studies, the vul- 
nerability to amnesia was maintained. Perhaps as Davis and 
Hirtzel [2] proposed, the critical feature in these effects is the 
maintenance or re-elicitation of internal cues associated with 
the emotional state of training. (A similar line of reasoning 
with respect to internal cues as contextual stimuli that can 
reactivate old memory has been offered recently by Riccio 
and Ebner [19]). Furthermore, from the perspective of the 
detainment findings, exposure to the familiar home-cage 
cues following acquisition might be expected to dampen 
arousal and thereby have an effect opposite to detainment. 
An attenuation of RA was, of course, the principal finding in 
the second series of experiments utilizing a familiar post- 
training environment. 

The results of these six experiments support the conten- 
tion of Miller and Marlin [16] that events in the training- 
amnestic treatment interval stop ongoing processing at a rate 
inverse to their perceived novelty. Thus, a novel event 
(LTS) during the conditioning-amnestic agent interval fails to 
disrupt the processing of a recently acquired memory 
whereas a familiar event (home cage) during this same inter- 
val alters the processing of that memory and protects it from 
an amnestic treatment. 

The present experiments do not address the issue of the 
time course of deactivation of memory after the subject is 
returned to the familiar environment. It is probable that at 
least some brief period of time is necessary in order for the 
rate of processing of an active memory to be modified by 
exposure to the familiar stimuli, and for that memory to be 
shifted into an inactive, and thus unsusceptible, state. 

Taken together, the data from these several experiments 
indicate that post-acquisition processing of information can 
be modulated by some types of behavioral episodes but not 
others. Just as the basic phenomenon of RA demonstrates 
the presence of time dependent processes that must persist 
beyond the normal training trial, so too the ““home cage” 
manipulation indicates that these rehearsal-like processes are 
themselves alterable. It is not yet clear, however, whether 
the deactivation of memory to reduce amnesia should best be 
conceptualized as reflecting a disruption of processing or the 
facilitation and more rapid completion of processing. 
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SALAFIA, W. R. AND A. M. ALLAN. Augmentation of latent inhibition by electrical stimulation of hippocampus. 
PHYSIOL. BEHAV. 296) 1125-1130, 1982.—The effects of low-level hippocampal stimulation on the development of latent 
inhibition were investigated employing classical conditioning of the nictitating membrane response of rabbits. Four groups 
were given either (a) no preexposure of the to-be-CS, (b) preexposure, (c) preexposure overlapped by hippocampal 
stimulation or (d) preexposure overlapped by cortical stimulation, followed by 300 conditioning trials for each group. After 
conditioning, the hippocampal group was divided into two groups designated HS-! and HS-2 by means of a post-hoc test for 
stimulation effects. Conditioning was found to be retarded in all three preexposed groups, with significantly greater 
retardation (augmentation of latent inhibition) in Group HS-2. The results support a general conception that the hippocam- 


pal stimulation produced its effects through the modulation of sensory input. 
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FOR the past few years we have employed electrical stimu- 
lation to investigate the role of the hippocampus in condition- 
ing. Posttrial stimulation at both seizure producing [17] and 
subseizure levels [16] has been found to produce disruption 
of acquisition of the conditioned nictitating membrane re- 
sponse (NMR) of rabbits. Initially, these effects were 
thought to result from direct disruption of associative proc- 
esses, a conclusion which received support from a number of 
studies (e.g., [1,2]) in which multiple unit discharges in the 
rabbit hippocampus were found to be correlated with the 
development of behavioral conditioned responses (CRs). On 
the other hand, hippocampal ablations do not produce dis- 
ruption of NMR conditioning [18] although they have been 
reported to abolish both latent inhibition and blocking in the 
NMR paradigm [19,21]. 

Taken together, these findings suggest a role for the hip- 
pocampus in mnemonic or representational processes which 
are related to, but not necessary for the basic Pavlovian 
association. Such representational processes presumably 
form part of a system which would become active as the 
demands of the task increased beyond what would be re- 
quired for simple conditioning. Thus, Moore [10] has 
suggested that the disruption of conditioning which we have 
obtained as a result of hippocampal stimulation (HS) may 
actually be related to the development of latent inhibition 
(LI). In an attempt to evaluate this possibility, Salafia and 
Allan [14] found that HS overlapping CS-preexposure at- 
tenuated the development of LI, while HS overlapping 
CS-US presentations after preexposure, attenuated the ex- 
pression of LI. These results were taken as support for the 
view that at least one function of the hippocampus is the 
modulation of stimulus input and that HS, whether presented 
during preexposure, during conditioning trials or posttrial, 
may have its primary effect by altering the stimulus mod- 


ulatory role of the hippocampus rather than by directly af- 
fecting associative processes. 

Salafia and Allan [14] presented arguments against a 
number of alternative explanations for their finding, although 
all alternatives could not be conclusively ruled out. One 
major possibility was the HS presented during preexposure 
acted like another externally presented stimulus. It has been 
shown that another stimulus preceding [13] or following [7,8] 
the to-be-CS during preexposure can attenuate the LI effect. 
The available evidence [14] supports the proposition that HS 
does not attenuate LI in the same fashion, however, the 
evidence is not unambiguous. 

The present experiment is one of several possible ap- 
proaches to this problem. Basically, it was designed to de- 
termine if very low level HS would produce enhancement 
rather than attenuation of LI. Such a finding would argue 
against the interpretation that HS was merely acting like 
another stimulus event e.g., simply maintaining attention to 
the to-be-CS, and would argue for the propostion that it af- 
fected the way in which the conditional stimulus information 
was represented in, or processed by the hippocampus. 


PHASE | 


METHOD 
Subjects 


Data are reported for 23 male and female New Zealand 
rabbits, maintained on ad lib food and water and housed in 
light and climate controlled quarters. The weight range prior 
to surgery was 1.9 to 2.7 kg. 


Surgery and Histology 


Animals designated to undergo surgery were injected with 
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atropine (0.1 cc IM) and chlorpromazine (0.25-0.5 cc IP) 
followed 30 to 40 min later by sodium pentobarbital (20 
mg/kg) administered via the marginal vein of the ear. A pre- 
fabricated assembly (see [16,17] for construction details) 
containing a ground lead and four stainless steel insect pins 
(size 00) insulated except for the last 0.5 mm, was then 
stereotaxically implanted into each operated animal. 

Eleven operated animals met the histological criteria. 
Eight of these had assemblies with four in-line, hippocampal 
electrodes. Coordinates were 4 mm posterior to bregma, 4 
mm below dura, and either 3.75 mm (medial leads) or 6.25 
mm (lateral leads) on each side of the midline. For three of 
these animals, stimulation was presented across the lateral 
leads while the medial leads were used for recording hip- 
pocampal electrical activity as in our previous stimulation 
studies [14, 16, 17]. In the present case the recordings were 
employed to ensure the absence of seizures. For the remain- 
ing five animals, HS was presented across the pair of leads 
on each side. For these animals recording of electrical activ- 
ity was accomplished by means of two screws (56X'/s) in 
contact with dura which also served as anchors for the 
pedestal. Since there was no significant difference in condi- 
tioning due to these different modes of stimulation, 
1(6)=1.05, the groups were combined and designated as 
Group HS, with an N of 8. 

For the remaining three operated animals, the four elec- 
trodes were implanted in cortex. Coordinates were 3 mm 
anterior to bregma, 2.5 and 5 mm on each side of the midline 
and | mm below dura. Two screws in contact with dura 
served as recording leads for this group, designated as Group 
COS. 

The medial electrodes in both hippocampal and cortical 
pedestals were made | mm shorter than the lateral leads to 
conform to brain curvature. This ensured that all four elec- 
trodes were at approximately the same depth relative to the 
curvature of hippocampus and cortex. 

At the completion of data gathering, operated animals 
were given an overdose of pentobarbital (3 cc) and perfused 
with normal saline and 10% Formalin. Sixty micrometer fro- 
zen sections were made and stained with cresyl violet. 


Stimulation and Recording 


Hippocampal and cortical stimulation consisted of 600 
msec trains of 200 usec square wave pulses at a rate of 40 pps 
and an intensity of 30 wA, initiated at CS onset and termi- 
nated 300 msec after CS offset. These parameters were cho- 
sen because they were substantially lower than those of our 
earlier study involving the effects of HS on LI [14] while at 
the same time they corresponded (except for the shorter 
train duration) to low levels previously used for posttrial 
stimulation [16]. Electrical activity of hippocampus or over- 
laying cortex (depending on electrode placement) was moni- 
tored before, during, and after each burst of brain stimula- 
tion as a check for seizure activity. At no time was there any 
evidence of the electrical discharges which so clearly charac- 
terize hippocampal seizures. 


Conditioning Apparatus 


Subjects were run four at a time in separate lighted and 
sound-attenuated cubicles serviced by control and recording 
equipment located in an adjoining room. A panel in front of 
each animal contained impedence-matched speakers for pre- 
sentation of a continuous 65 dB (re:20 ~N/m*) white noise for 
masking and the tone CS. 
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Immediately prior to each experimental session, animals 
were placed in Plexiglas restraining boxes. The NMR was 
monitored by a photoelectric transducer (Waltke Instru- 
ments) mounted on the head of each animal and mechan- 
ically coupled to a loop tied into the membrane. Transducer 
output was shaped by an interface and recorded by a Beck- 
man R411 polygraph. A CR was defined as a pen deflec- 
tion of at least 0.5 mm, representing a membrane extension 
of approximately 0.2 mm, occurring within the ISI on CS-US 
paired trials and within | sec following CS offset on CS-alone 
trials. 


Procedure 


After approximately a 2-week recovery period for oper- 
ated animals and 24 hr prior to the first experimental session, 
animals were prepared by having a surgical-silk loop tied into 
the NM of the right eye under local anesthetic (0.5% 
Proparacaine hydrochloride). Stainless-steel wound-clip 
(Clay Adams, 9 mm) electrodes were attached approx- 
imately 4 mm below the inferior eyelid and 4 mm posterior to 
the temporal canthus. Each animal was then placed in a 
cubicle for a 15 min adaptation period. 

Subjects were randomly assigned to four groups. Group 
PRE (N=7) was given 300 preexposures of the to-be-CS 
(tone), 200 on Day | and 100 on Day 2. Immediately after 
preexposure on Day 2, 100 CS-US conditioning trials were 
given, interspersed with 3 CS-alone trials presented after 
Conditioning Trials 25, 50 and 75. On Days 3 and 4, 100 
conditioning trials and 3 CS-alone trials were given. The 
CS-alone trials are used routinely to pick up late occurring 
CRs which might be obscured by URs. Group SIT (N=5) 
was placed in the cubicles without tone preexpsoure for 100 
min on Day | and 50 min on Day 2 followed by the same 
sequence of conditioning trials. Group HS (N=8) and Group 
COS (N=3) were run the same as Group PRE except that 
during preexposure each tone was overlapped by hippocam- 
pal or cortical stimulation at the parameters indicated. For 
preexposure and conditioning the CS was a 1000 Hz, 90 dB 
tone, presented at 30 sec intervals, for 300 msec. The US 
was a 2 mA, 60 Hz shock overlapping the last 50 msec of CS 
presentation. 

Groups SIT and PRE were unoperated. The rationale for 
not employing operated control groups stems from our con- 
sistent finding of no effects of the surgical procedures 
[14,17]. Additionally, an exploratory experiment [15] specif- 
ically designed to identify any subtle effects of surgery was 
performed prior to this study, employing 13 hippocampally 
and cortically implanted animals and 16 unoperated animals, 
run either with or without preexposure. The difference be- 
tween the mean total number of CRs made by unoperated 
and operated groups was less than | CR out of a possible 150 
responses. No statistically reliable main effects or interac- 
tions attributable to surgery could be found. Thus, we con- 
cluded that unoperated control animals could safely be em- 
ployed for the present and subsequent studies involving hip- 
pocampal or cortical implantation. 


RESULTS 


The upper frame of Fig. 1 depicts the tip placements for 
eight HS animals which met the histological criterion that all 
four electrode tips be located in dorsal hippocampus. At this 
point, the reader should ignore the different symbols, which 
will become meaningful in Phase 2. Cortical placements are 
depicted in the lower frame of the figure. Two of the original 
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FIG. |. Hippocampal electrode placements (coronal section—upper 
frame) and cortical placements (dorsal view—lower frame). Filled 
circles identify placements for Group HS-1 and filled triangles iden- 
tify placements for Group HS-2, as designated by the test in Phase 2. 
Open circles identify placements for the single animal that was used 
to set stimulation parameters for Phase 2. The illustrations were 
adapted from the stereotaxic atlas of Fifkova and Marsala [5]. 


seven animals in this group were dropped because electrodes 
were too deep (tips in corpus callosum). Two others which 
had developed a severe intestinal infection were also 
dropped early in the run so that three acceptable cortical 
animals remained for data analysis. 

Figure 2 presents the mean total number of CRs made 
during the three conditioning sessions. Analysis of variance 
showed that there was a significant overall treatment effect, 
F(3,19)=8.06, p<0.005. Evaluation of specific differences 
employing Dunnett’s procedure [22] revealed that all three 
preexposed groups displayed significant retardation of con- 
ditioning in comparison with the SIT-control group (p<0.05 
in each instance). However, although Group HS displayed 
the greatest degree of retardation, none of the preexposed 
groups differed significantly from the others. 

That Group COS did not differ from Group PRE was 
expected and is in agreement with our general finding of 
small, variable and statistically unreliable effects of cortical 
stimulation [14,17]. On the other hand, the finding of small 
and statistically unreliable hippocampal stimulation effects 
was not consistent with previous results of such stimulation. 
A plausible explanation was that the level of stimulation was 
simply too low to produce a significant effect on the devel- 
opment of LI. However, before accepting that conclusion, 
we decided to conduct some further testing which might be 
able to tease out more subtle effects. 


PHASE 2 


As in previous research, it was noted that hippocampally 
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FIG. 2. Mean total number of CRs out of a possible 300 for animals 
in each of the four experimental conditions. Vertical lines are SEMs. 


stimulated rabbits performed more variably than unstimu- 
lated animals. This time, however, there was an obvious 
pattern to the variability. Four of the HS ai.imals behaved as 
if they had been unaffected by the stimulation, because sub- 
sequently they conditioned at about the same rate as the 
PRE group. The remaining four HS animals displayed se- 
verely retarded conditioning (enhancement of LI), averaging 
about 90 fewer CRs than the other four. That is, there 
seemed to be a clear dichotomy in the conditioning results, 
with half of the animals clustering at one level, half at an- 
other, and no overlap in the clusters. In order to determine if 
the basis for the dichotomy could be found in terms of some 
aspect of the stimulation, we attempted a test procedure that 
involved stimulation at a higher level, overlapping the CS 
during extinction. 


METHOD 


We began by taking one animal from Group HS and, start- 
ing at the stimulation values employed during preexposure, 
systematically varied the pulse rate, width and amplitude 
while presenting the CS, until settings were reached which 
reduced the frequency of CRs. The settings during which 
CRs were completely suppressed were a 300 msec train of 2 
msec square-wave pulses at 100 pps and 100 uA intensity 
(designated S). 

The remaining operated animals (7 from Group HS and 3 
from Group COS) were then given a series of extinction trials 
according to the following pattern: 10 CS-US trials to estab- 
lish a baseline, employing the parameters previously used for 
conditioning, then 20 CS/S, 10 CS-alone, 10 CS/S and finally 
10 CS-alone, where CS/S refers to the presentation of S over- 
lapping presentation of the tone CS. Four animals randomly 
selected from group PRE were given 10 CS-US trials fol- 
lowed by 50 CS-alone extinction trials for comparison. Since 
this was a post-hoc procedure and we were uncertain of the 
outcome, there was no rationale for the above sequence. 
Decisions were made to present or not present S based on 
the ongoing observation of behavior. As in Phase 1, electri- 
cal activity was monitored during and after all stimulation 
periods to ensure the absence of seizures. 


RESULTS 


The results of the test procedure are depicted in Table 1. 
All groups performed similarly during the 10 CS-US trials, 
F(3,9)=2.37, indicating that they entered the extinction run 
at about the same performance level. Group PRE which re- 
ceived no brain stimulation displayed a normal pattern of 
extinction over the 5 blocks of CS-alone trials. The animals 
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TABLE | 


MEAN PERCENTAGE OF CRs PER 10 TRIAL BLOCK DURING 
THE EXTINCTION TEST 





Group 


3 


CS-S 


4 5 6 
CS-S 


CS-alone CS-alone 





Pre (N=4) 

COS (N=3) 
HS-1 (N=3) 
HS-2 (N=4) 


58 
37 

0 
98 


32 
53 
63 
70 


65 38 
73 a7 
93 0 
92 88 





in Group COS seemed to be somewhat affected by the brain 
stimulation, as evidenced by a lower percentage of CRs in 
Blocks 2, 3 and 5 than in Blocks 4 and 6, but no obvious 
pattern could be seen and all animals in this group made 
some responses during stimulation periods. 

Group HS, on the other hand, displayed two different 
patterns of responding and based on these different patterns 
was split into two subgroups. In one of these subgroups, 
designated HS-1, CRs were completely suppressed when 
brain stimulation overlapped the CS, while, when the stimu- 
lation was not present (Blocks 4 and 6) they responded at a 
high level. In contrast, Group HS-2 showed no such sup- 
pression of CRs and indeed, responded at the highest level of 
all groups during stimulation periods. A mixed factorial 
ANOVA performed on the data for Trial Blocks 2-6 revealed 
an overall significant difference among the four groups, 
F(3,10)=4.02, p<0.05, as well as a significant extinction ef- 
fect, F(4,40)=6.37, p<0.001. Not surprisingly, there was 
also a highly significant groups x trial blocks interaction, 
F(12,40)=4.92, p<0.001. 

The tip placements for Groups HS-1! and HS-2 are shown 
in Fig. 1 along with the placements for the animal originally 
used to ascertain proper stimulation parameters for Phase 2. 
No consistent pattern or grouping of placements was found 
which could easily explain the different effects in terms of 
hippocampal anatomy. 

Having designated the HS subgroups as indicated, the 
performance of these two subgroups during the previous 
conditioning phase (retardation test) was examined. The re- 
sults of this examination are depicted in Fig. 3 which pres- 
ents the mean number of CRs during conditioning for Groups 
HS-1 and HS-2, compared with Groups SIT and PRE. The 
animals in Group HS-1 were three of the original HS animals 
which had Conditioned at about the same level (Mean=201 
CRs) as Group PRE (Mean=191 CRs), while the four 
animals that constituted Group HS-2 clustered at a much 
lower level (Mean=111 CRs). Analysis of variance revealed 
that the differences among conditions were significant, 
F(2,11)=5.73, p<0.05, and a Tukey test [22] revealed that 
the difference between Group PRE and Group HS-1 did not 
approach significance, while the differences between Groups 
PRE and HS-2 as well as between Groups HS-1 and HS-2 
were Statistically reliable (p<0.05). Thus, the test procedure 
provided a basis for distinguishing different effects of stimu- 
lation presented earlier in the experiment. 

Although this was a post-hoc test and the Ns were rela- 
tively small, it should be emphasized that the difference be- 
tween these groups was profound. There was not a single 
response during the stimulation periods in the extinction test 
for Group HS-1, while all animals in Group HS-2 responded 
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FIG. 3. Mean total number of CRs out of a possible 300 after division 
of Group HS into the two subgroups based on the results of Phase 2. 
Vertical lines are SEMs. 


on almost every trial. Similarly, the two groups were dis- 
tinctive during the prior retardation test in that the mean 
difference was 90 CRs with no overlap between the groups. 
It is important to note that in a subsequent evaluation, when 
the high level stimulation was presented overlapping both CS 
and US, it continued to produce suppression of CRs in 
Group HS-1! but had no effect on URs. 


GENERAL DISCUSSION 


Assuming the legitimacy of classifying the hippocampal 
groups by their performance in Phase 2, the major finding of 
the present experiment was that low level electrical stimula- 
tion of the hippocampus can (but does not necessarily) 
produce augmentation of latent inhibition. Since externally 
presented stimuli have been shown only to attenuate LI [7, 8, 
13] while hippocampal stimulation can augment LI, as well 
as attenuate both its development and expression [14], such 
stimulation is not likely to have produced its effects in the 
Same way as an externally presented stimulus. This implies 
that hippocampal stimulation directly effects processing of 
the CS representation, rather than simply maintaining atten- 
tion to the CS. 

Careful examination of the data for each HS group reveals 
coherent patterns of effects, which give some indication of 
the underlying processes. Specifically, we propose that for 
Group HS-2, stimulation of hippocampus during preexpo- 
sure enhanced processing of the CS representation, perhaps 
leading to an incraese in salience. Such enhancement should 
produce more LI, and therefore greater retardation of ac- 
quisition in Phase 1, as well as greater resistance to extinc- 
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tion under the conditions of Phase 2. Both of these effects 
were observed. For Group HS-1, on the other hand, the 
stimulation not only did not enhance the CS representation, 
but may have interfered slightly with its processing during 
preexposure. If this were the case we would expect no aug- 
mentation (or even slight attenuation) of LI in Phase 1, as 
well as further interference, perhaps even complete over- 
shadowing of the CS, producing a complete cessation of 
conditioned responding with the higher level of stimulation 
presented during Phase 2. Again, both of these behavioral 
effects were observed. 

While the foregoing is a plausible account of events, the 
main problem is that what began as a straightforward attempt 
to demonstrate augmentation of LI has now become a task of 
determining why low level stimulation sometimes produces 
the predicted augmentation effect and sometimes does not. 
The most obvious potential explanation, different electrode 
placements, can be discounted because the histological re- 
sults (Fig. 1) did not reveal patterns or groupings of tip 
placements that could be correlated with the different behav- 
iors. It is possible, of course, that small differences in tip 
location could have produced markedly different effects by 
maximally stimulating different anatomical units within the 
hippocampus, e.g., pyramidal cells vs interneurons, but the 
size and separation of the electrode tips employed in these 
studies renders such microanatomical differences unlikely. 
Another possibility, the use of different stimulation patterns 
(across the two lateral leads or between lateral and medial 
leads) was discounted because animals receiving each pat- 
tern of stimulation appeared in both Groups HS-1 and HS-2. 
For the same reason, electrode polarity differences can also 
be discounted. 

The most likely explanation of the different effects is that 
HS interacted differentially with ongoing hippocampal elec- 
trical activity. It has been shown [4] that hippocampal unit 
activity during conditioning is altered as a result of preexpo- 
sure to a tone CS. Moreover, a high correlation has been 
reported [3] between conditioning rate and the amount of 
hippocampal RSA monitored prior to conditioning. Thus, the 
differences between Groups HS-1 and HS-2 could have re- 
sulted from an interaction among (a) different levels of en- 
dogenous hippocampal activity, (b) the neural consequences 
of repeated CS presentation and (c) electrical stimulation of 
the hippocampus. 

Interestingly, such differences in stimulation effects had 
been observed, although not so clearly, in our previous hip- 
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pocampal stimulation experiments [14, 16, 17]. That is, in 
each study, within a reasonable margin of variability, most 
animals have been profoundly affected by the stimulation 
while some, ostensibly under the same experimental condi- 
tions, have been affected little, if at all. While such differ- 
ences had been noted, they were not so prominant in the 
previous studies as in the present one, probably because the 
likelihood of such subtle interactions between the electrical 
stimulation and endogenous electrical activity becomes 
greater as stimulation levels (amplitudes and durations) be- 
come lower. 

Though some specific details still remain to be clarified, 
the pattern of results from our series of hippocampal stimu- 
lation experiments, including the present one, continues to 
implicate the hippocampus as part of a network subserving 
representational rather than associative processes. More 
specifically, the data suggest a major role in the modulation 
of sensory input. 

These results do not support the view [11] that the exclu- 
sive domain of the hippocampus is in the processing of spa- 
tial information. The results are, however, consistent with a 
number of alternative theories of hippocampal functioning. 
For example, that it functions as an attentional gate, to tune 
out irrelevant stimuli [9, 10, 19, 20, 21]; that it functions in 
the contextual retrieval of information, which once retrieved 
specifies objects of attention and inattention [6]; that it is 
important for cue utilization, i.e., the extraction of informa- 
tion from the environment [23]; or that it is selectively in- 
volved in behaviors requiring working memory, as distin- 
guished from reference memory [12[. While the present data 
do not provide unequivocal support for any one of these 
theoretical views in preference to the others, we have re- 
cently begun a series of studies involving single-alternation 
learning, a task which shows considerable promise of being 
able to differentiate among some of the more specific predic- 
tions of the various theories. 
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VOMACHKA, A. J., N. R. RICHARDS, II AND R. D. LISK. Effects of septal lesions on lordosis in female hamsters. 
PHYSIOL. BEHAV. 296) 1131-1135, 1982.—The ovarian hormones, estradiol and progesterone, are believed to act at 
specific sites in the female brain to induce sexual receptivity. Septal lesions which have been comprehensively studied in 
the rat, were carried out on female hamsters. Lordosis behavior was quantified as an index of female sexual receptivity. 
Septal lesions were found to cause a significant increase in female sexual receptivity in hamsters primed with 3 or 9 ug 
estradiol benzoate (EB) and 200 wg progesterone (P), but low levels of lordosis were not enhanced in septal lesioned female 
hamsters primed with | wg EB + 200 wg P. The facilitation of lordosis seen in septal lesioned hamsters is similar to that 
observed in female rats. However, our results do not confirm increases in sensitivity to estradiol in the hamster. 


Lordosis Sexual receptivity Septal lesions 


THERE is strong evidence that the ovarian hormones es- 
tradiol (E) and progesterone (P) act on discreet sites in the 
brain, many of these in the hypothalamus and limbic system, 
to bring about sexual behavior (receptivity) in female rodents 
(for a review see: [9,14]). What is known of the neuro- 
hormonal control of female sexual behavior comes largely 
from studies using the female rat as an experimental model. 
Recently studies have been expanded to examination of 
other rodent species, such as hamsters, mice, and guinea 
pigs. It is becoming increasingly clear that, in addition to 
many similarities, there are important differences in the 
neural sites, and perhaps mechanisms by which sex hor- 
mones affect reproductive behavior in different rodent spe- 
cies. 

The lordosis response is typically used as an index of 
female sexual receptivity and the following indicate some 
apparent species differences in its neuro-hormonal control in 
female rodents. Estradiol implants to the ventromedial hypo- 
thalamus [1] or medial preoptic area and anterior hypothala- 
mus [18] potentiated lordosis in the rat, whereas in the ham- 
ster, implants to the dorsal anterior hypothalamus or ventral 
filiform nucleus were effective [8]. The minimum effective 
size of E implant was also different for the two species in 
these studies. The neural pattern of progesterone uptake and 
binding, as well as the relative amount of P bound vary 
among the hamster, the rat, and the guinea pig [35]. 
Progesterone implanted in the medial basal hypothalamus 
was observed to initiate lordosis in estrogen-primed female 
rats [29], but was not found to do so in hamsters [10]. Female 
rats from which the olfactory bulbs were removed exhibited 
a significant increase in lordosis behavior [11, 23, 34]. In 
marked contrast, bilateral olfactory bulbectomy severely at- 





Female hamsters 


Neural control 


tenuated hormonally induced receptivity in female mice [33]. 
Bulbectomy is reported to have little effect on lordosis in 
female hamsters [5]. Electrical stimulation to the anterior 
hypothalamus in hamsters caused a decrease in lordosis [20], 
while no such effect was found in female rats [24]. 

Lesions of the septal area result in increased female sex- 
ual receptivity in estrogen-primed female rats [15, 16, 21, 22, 
25-28] as a result of increased sensitivity to estrogen [14]. 
However, lordosis in female hamsters is more closely tied to 
combined estrogen and progesterone [7]. Since electrical 
stimulation of the septal area of the estrogen + 
progesterone-primed female hamster results in decreased 
lordosis responding, this suggests that the septum of ham- 
sters may function in a way analogous to that of the rat [36] 
even though hormone requirements are different. We at- 
tempted to extend knowledge of neuro-hormonal control of 
sexual behavior in the hamster by investigating the effects of 
septal lesions on lordosis behavior in the female hamster 
primed with both estradiol and progesterone. 


METHOD 

Subjects 

Adult female golden hamsters (Mesocricetus auratus , 100 
to 120 g) were obtained from Lakeview, Newfield, NJ. 
Animals were housed in racks of wire cages, one-two per 
cage in a controlled environment colony (14:10 L/D; lights 
out at 1800 hr) illuminated with red fluorescent light during 
the ‘‘dark’’ phase. All animals had ad lib access to rodent 
chow and water and were given at least two weeks to adapt 
to laboratory conditions before being subjected to experi- 
mental procedures. Ovaries were surgically removed from 
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cyclic females under ether anesthesia at least 1 week prior to 
initial behavior testing. Stimulus male hamsters used in sex- 
ual behavior testing were vigorous, sexually-experienced 
animals drawn from the laboratory population. 


Behavior Tests 


Experimental females were tested for sexual receptivity 
during the first half of the ‘‘dark”’ (red illuminated) phase of 
the light cycle. The experimental animal was placed in a 
round Plexiglas arena (diameter 40 cm) and allowed several 
minutes to adapt before the introduction of a stimulus male. 
Behavior tests lasted ten minutes. At least four days sepa- 
rated subsequent behavior tests for any individual female. 
Lordosis was observed and recorded onto a magnetic com- 
puter tape during the ten-minute tests by means of a multi- 
channeled keyboard connected to a timer and a Hewlitt- 
Packard Model 9815A computer. Lordosis was defined as 
the adoption by the female of a posture characterized by a 
flattened or concavely arched back, elevated rump and ex- 
posed perineum, tail raised at least to horizontal and immo- 
bility. The following behavioral measures in seconds were 
derived from the magnetic tape record: Total lordosis dura- 
tion (TLD) which is the sum of all lordosis responding ex- 
hibited during the 10-minute test; Longest lordosis (LongL) 
which is the longest single bout of lordosis; Lordosis latency 
(LL) which is the time to first display of lordosis. 

Approximately 48 hours prior to each of three behavior 
tests, each animal was primed with, alternatively, | wg, 3 ug, 
or 9 wg doses of estradiol benzoate (EB). The three EB doses 
were counterbalanced among the subjects in all preoperative 
and postoperative behavior tests. Three to five hours before 
behavior testing, the animals received 200 ug progesterone 
(P). This dose of progesterone remained constant throughout 
the experiment. All hormones were administered in 0.1 ml 
sesame oil injected subcutaneously. After testing at each of 
the three EB priming doses, animals were randomly divided 
into two groups, one to receive sham brain surgery, and the 
other group to receive bilateral septal lesions. After a re- 
covery period of at least a week following surgery, animals in 
both Septal Lesion and Sham groups were retested for sex- 
ual receptivity at the three estrogen doses with progesterone 
present. 


Brain Surgery 


Stereotaxic brain surgery was performed on the experi- 
mental animals following the preoperative behavior tests. 
Under sodium pentobarbitol anesthesia (50 mg/ml, 0.12 
ml/100 g body weight, intraperitoneally), a fine stainless steel 
wire insulated with teflon, except for approximately 0.5 mm 
at the tip, was lowered through holes drilled in the skull to 
coordinates: 2.2 mm anterior to bregma, 5.5 mm ventral from 
the surface of the skull, 0.6 mm lateral to midline, bilaterally 
[19]. Electrolytic lesions were generated by passing 2 mA 
DC current through the electrode for 20 seconds. Gel-foam 
was placed in the drilled holes, wounds were closed with 
wound clips, and the animals were revived under a heat 
lamp. Animals in the sham group received operations identi- 
cal to those that the lesion group received, except that no 
current was passed through the electrode. 


Histology 


After the final postoperative behavior test, all septal and 
sham lesioned animals were sacrificed. The heads were 
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placed in 10% Formalin for at least 48 hours, after which the 
brains were removed from the skulls and placed in 20% 
ethanol for 24 hours. The brains were frozen sectioned into 
100 « sections. These sections were fixed sequentially to 
microscope slides and stained with cresyl violet. Micro- 
scopic examinations were performed on all brains in order to 
establish location and extent of lesions and electrode tracks. 
Behavioral data from these animals were separated into 
three groups prior to statistical analysis: Sham (control); Er- 
rant Lesion (control); Septal Lesion. Group assignment was 
made solely on the basis of histology without reference to 
behavioral data. The hamsters that were ultimately included 
in the Septal Lesion group had lesions similar in size and 
location to those described and depicted in Nance et al. [27]. 
Specifically, the brains from these eight hamsters had rea- 
sonably uniform damage in the ventral '/2 to 2/3 of the lateral 
septum bilaterally, usually including the medial septum. 
These lesions were located dorsal to but not including the 
anterior commisure (see Fig. 1). The brains of eight animals 
that had received sham operations were also examined. No 
lesions or damage to any structure was detected in sham 
operated controls. In addition, the nine animals which were 
included in this study as an alternative control group showed 
histological damage in the following brain areas: paraven- 
tricular thalamus, fornix, stria medularis, corpus callosum, 
cerebral neocortex, cingulate cortex, dorsomedial nucleus of 
the thalamus, hypothalamic rhomboid nucleus, 
anteroventral thalamic nucleus, stria terminalis, and inferior 
colliculus. These animals were the Errant Lesion group. 


Statistical Analysis 


The behavioral data were first analyzed as a whole, for 
each parameter measured [these were Total Lordosis Dura- 
tion (TLD), Longest Lordosis (LongL), and Lordosis La- 
tency (LL)], by a 3-way analysis of variance with repeated 
measures on two factors [4]. Significant effects in the 3 ug 
and 9 wg EB dose groups were further broken down individ- 
ually for those two dosage groups, using 2-way analyses of 
variance with repeated measures on one factor. Provided that 
these analyses of variance indicated significant effects and/or 
interactions at the p<0.05 level, effects of the treatments 
were identified in the 3 wg and 9 wg groups by applying 
Duncan’s New Multiple Range Test [17]. Data from the | ug 
EB behavior tests were analyzed with the Binomial Test 
[13]. 


RESULTS 
Behavioral Data 


Several significant effects were manifested in the results 
(Table 1). First, there was a significant difference in the 
overall levels of lordosis that were exhibited by all three 
experimental groups across the three doses of EB. At the 9 
wg EB dose, septal lesions caused a significant increase 
(p <0.05) in sexual receptivity in all three of the behavioral 
measures (TLD—Fig. 2; LongL—Fig. 3; LL—Fig. 4). For 
the Septal Lesion group, the mean TLD and mean LongL 
were significantly higher and the mean LL was significantly 
lower postoperatively than these measures had been 
preoperatively. Neither the Sham nor the Errant Lesion con- 
trol groups showed any significant change between 
preoperative and postoperative tests. At the 3 ug EB dose a 
significant increase (p<0.05) in sexual receptivity was indi- 
cated in LongL (Fig. 3) where the mean duration was signifi- 
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FIG. 1. Composite of septal lesions in ovariectomized female ham- 
sters. Fine lines represent maximal damage. Sections represented 
are 2.0, 1.8 and 1.6 mm anterior to bregma. Scale is given in mm. 
Adapted from Malsbury [21]. 


cantly higher postoperatively than preoperatively in the sep- 
tal lesioned animals. However, there were no signiticant 
preoperative vs postoperative differences as assessed by 
Duncan’s New Multiple Range test in the two other test 
parameters, TLD and LL. Because of the large number of 
nonresponders in the | wg EB behavior tests, the parameters 
of receptivity were tested statistically by the Binomial Test 
[31]. Septal lesion at the 1 wg EB dose completely eliminated 
lordosis while other groups showed no change in incidence 
of receptivity after surgery. The decrease in lordosis in the 
septal lesion group approached statistical significance. 


DISCUSSION 


The facilitation of lordosis observed in our study of septal 
lesions at the 9 ug and 3 wg doses of EB complements the 
results of the only other study in which the role of the septum 
in the control of lordosis was investigated in hamsters. In 


TABLE | 
SUMMARY OF STATISTICAL DIFFERENCES OBTAINED ON THE 
EFFECTS OF SEPTAL LESIONS ON TOTAL LORDOSIS DURATION 
(TLD), LONGEST SUSTAINED LORDOSIS (LongL) AND LORDOSIS 
LATENCY (LL) 





3-way ANOVA with Repeated Measures on Two Factors 


Parameter Main Effect df F p 





TLD T 6.22 0.021 
43.89 <0.001 

x 4.40 0.018 

LongL ; 8.56 0.008 
24.65 <0.001 

. 3.88 0.028 

va 57.83 <0.001 
3.38 0.017 


2-way ANOVA with Repeated Measures on One Factor 

9 wg EB 
TLD T 5.60 
LongL T 5.86 
LL *xG 2 3.61 

3 wg EB 
TLD 1 4.73 
LongL T 5.64 


0.027 
0.024 
0.044 


0.041 
0.027 





Cases where statistical significance was not achieved are not in- 
cluded in this table. 

Main Effects and Interactions: G=group; D=dose effect; T=time 
(preop vs postop) effect; x indicates interaction between main ef- 
fects. 


this study, Zasorin et al. [36] found that electrical stimulation 
to the septum eliminated lordosis in ovariectomized estrogen 
plus progesterone primed female hamsters. 

Our observation of post-septal lesion facilitation of lor- 
dosis in female hamsters is similar to the effects reported in 
female rats [15, 16, 21, 22, 25-28]. However, in comparing 
our results with those obtained in studies of septal lesioned 
rats, it could be argued that the facilitation of lordosis that 
was observed in the hamster was not as dramatic as the 
several-fold increase that the septal lesion rat studies typi- 
cally reported. However, the manner in which lordosis is 
manifested by the rat and the hamster is qualitatively quite 
different. Similarly, the measures used to quantify lordosis 
are completely different in the two species. In the rat, the 
Lordosis Quotient (a frequency dependent statistic) is used, 
whereas TLD, LongL, and LL (temporal measures) are used 
for the hamster. Thus the degree of facilitation of lordosis in 
the two species is difficult to compare based on these very 
different measures. The comparison of rats and hamsters 
must therefore be one of the absolute effect of similar experi- 
mental treatments, rather than of magnitude of observed 
change. In this sense, our findings for the effects of septal 
lesions were consistent with those reported for the rat. Our 
observation of a trend toward a decrease in the number of 
hamsters showing lordosis after septal lesions at the | ug EB 
dose is difficult to interpret. If septal lesions were to affect 
female hamsters by enhancing the brain’s sensitivity to es- 
trogen as it appears in rats [9, 21, 22, 27], one might expect a 
concommitant lowering of the effective threshold dose of 
estrogen required to induce receptivity. This mechanism 
should therefore have increased the number of responding 
animals at this threshold (1 ug) dose of EB. 
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FIG. 2. Mean total lordosis duration (TLD) during 10 minutes tests 
of female hamsters given sham operations (SH), errant lesions (EL) 
or septal lesions (SL). Pretest was administered prior to brain 
surgery. Post tests were conducted after brain surgery. All animals 
were ovariectomized and primed with 1,3 and 9 wg estradiol ben- 
zoate (EB) and a constant dose (200 ug) of progesterone. 


The mechanism through which septal lesions facilitate re- 
ceptivity is unknown. One suggestion is that tonic inhibition 
of lordosis is removed by septal lesions [14]. Alternatively, it 
has been postulated that other hormone-sensitive areas of 
the brain, with neural connections to the septum, become 
‘hypersensitive’ during post-lesion reorganization [9]. It is 
also possible that the lesioned animal is less able to 
metabolize estrogen, and therefore the brain is exposed to 
the hormone for a longer period. McGinnis and Gorski [21] 
have recently suggested that changes in neural connectivity, 
or changes in quantity or quality of steroid receptors may 
have an important role in post-septal lesion facilitation of 
receptivity in the female rat. There is also evidence that 
neurotransmitter function is altered following septal lesions 
in female rats [13,25]. Most explanations point to a func- 
tional increase in sensitivity to estrogen following septal le- 
sions. Our results with septal lesions in hamsters do not lead 
toward the same conclusion. Only at the highest dose of EB 
were all three measures of receptivity significantly increased 
by septal lesions. This effect may be similar to that in rats 
where only the higher doses used elicited statistically signifi- 
cant increases [27]. However, in the present study, all of our 
animals received a constant dose of progesterone. While this 
difference between our experiment and studies on rats may 
be of significance, in general hamsters do not show behavior 
following brief doses of EB which are not accompanied by 
progesterone [7]. An alternate paradigm may have been to 
treat these hamsters with larger doses of EB chronically. 
While this procedure has been shown to elicit increases in 
receptivity in hamsters [6], such a paradigm is of little rele- 
vance to the sequence of hormonal changes seen in the ovar- 
ian cycle [30]. 

All experimental animals, particularly those which re- 
ceived lesions, were observed in the course of postoperative 
handling for evidence of septal rage, as has been described in 
rats following septal lesions [2, 3, 12]. Although no quantita- 
tive procedures were employed, no changes in emotionality 
or aggressive/defense behaviors were observed in any of the 
animals. Our failure to observe septal rage, or any increase 
in emotionality or irritability among the septal lesioned 
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FIG. 3. Mean duration of the longest single bout of lordosis (LongL) 
exhibited during 10 minute tests in ovariectomized female hamsters. 
See Fig. 2 for description and abbreviations. 
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FIG. 4. Mean latency to show lordosis (LL) during a 10 minute test 
in ovariectomized female hamsters. See Fig. 2 for description and 


abbreviations. 


hamsters agrees with other findings [32] in hamsters. The 
observation of increased receptivity in both septal lesioned 
rats and hamsters, but of septal hyper-reactivity only in the 
rat suggests that the septum of both species may have some 
functional aspects in common as well as differences. 

While the hormone mechanisms involved in the neural- 
hormonal interactions which regulate receptivity in females 
are not altogether clear, the present work points to some 
interesting similarities between rats and hamsters. Whether 
differences are the result of species-specific hormonal re- 
quirements for receptivity or are the result of neural differ- 
ences remains to be determined. 
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GLICK, Z. Inverse relationship between brown fat thermogenesis and meal size: The thermostatic control of food intake 
revisited. PHYSIOL. BEHAV. 29(6) 1137-1140, 1982.—This study examines a new hypothesis whereby heat production 
from brown fat in response to eating may serve as a feedback signal for satiety. To test this hypothesis, in vitro respiration 
rate of brown adipose tissue (BAT) was determined in relation to the voluntary caloric intake of the preceding test meal. 
This relationship was examined as a function of meal composition and of obesity. It was found that in rats fed a high fat diet, 
as well as in two types of obese rats (VMH and Zucker), respiration rate per 100 mg tissue was significantly reduced, and 
energy intake of the preceding test meal increased compared to rats receiving a low fat diet or to respective lean rats. These 
data lend support to a brown fat mediated thermostatic hypothesis for the control of food intake. 
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Dietary thermogenesis 





OBESITY, whether its origin is hypothalamic [19,20], ge- 
netic [3, 6-8, 12, 14, 16] or dietary [27,41], is associated with 
simultaneous changes in both sides of the energy balance 
equation; there is an increased energy intake and a decreased 
energy output through an increased metabolic efficiency. 
That these simultaneous changes take place even in genetic 
obesity, which results from a single gene defect, strongly 
suggests that control of energy intake and output are closely 
linked in one regulatory system. However, the nature of this 
link is not clear. 

It is hypothesized here that heat production from brown 
adipose tissue (BAT) in response to eating may serve as the 
link between control of energy intake and output in the form 
of a feedback signal for satiety. This hypothesis was devel- 
oped on the basis of two lines of recent data. First, there is 
growing evidence that BAT may play a key role in obesity. It 
is the major heat producing organ in dietary induced ther- 
mogenesis, i.e., in the process of dissipation of excessive 
energy intake during prolonged overfeeding [38,40]. Also, 
BAT malfunction in genetic obesity appears to be an under- 
lying cause of this syndrome [21, 22, 45]. Second, our own 
data are very clear that BAT has a short latency response to 
the nutritional state of the rat. It undergoes fast changes in 
weight [18], composition (unpublished data) and thermic ac- 
tivity [18] even after one single test meal. The hypothesis 
presented here is an extension of Brobeck’s thermostatic 
hypothesis, whereby heat of the specific dynamic effect of 
meals provides a signal for satiety [10,44]. 

To test this hypothesis, the respiration rate of BAT (in 


vitro) was determined in relation to the voluntary caloric 
intake of the preceding test meal. A decreased respiration 
rate of BAT which is accompanied by an increased meal size 
will lend support to this new version of the thermostatic 
hypothesis. 

This relationship between BAT respiration rate and meal 
size was examined as a function of meal composition and of 
obesity. 


METHOD 
Experiment 1: Effect of Meal Composition 


Animals and protocol. Sixteen female Wistar rats 
(Simonsen, Gilroy, CA), weighing about 200 g, were used in 
the study. The rats were caged individually and maintained 
at 22° C +2 with lights on from 0700 to 1800. After five days 
on ad lib intake of Purina lab chow pellets, the rats were put 
on a scheduled feeding plan as follows: For five consecutive 
days, they had access to food only between 0900 and 1100 
and again between 1530 and 1730. This 5 day period was 
followed by two days of free access to food. The same cycle 
of scheduled feeding followed by free access to food was 
repeated for two consecutive weeks. After these two weeks, 
the rats were put on their scheduled feeding plan for one 
additional day. On the experimental day which followed, the 
rats were divided into three groups: one (n=4) was meal 
deprived, a second (n=6) received a low fat diet, and a third 
(n=6) a high fat diet. The duration of this test meal was 2'/2 
hours. 
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TABLE | 
COMPOSITION OF THE TEST DIETS 





Low Fat 
(g/1000 g) 





Casein (Vitamin Free) 
Rogers-Harper Mineral Mix 
Non-nutritive Fiber 
Vitamin Mix 
dl-methionine 

Starch 

Fat (Crisco) 

kCal 

Protein 

Carbohydrate 

Fat 





All rats were sacrificed during the second hour after re- 
moval of food from the fed rats. BAT was removed, weighed 
and 100-200 mg of the chopped tissue was used in the meas- 
urement of respiration rate. 

Oxygen uptake was determined in a Gilson differential 
respirometer using a Krebs ringer bicarbonate buffer con- 
taining half the usual concentration of Ca**. After a 30 min- 
ute equilibration time, 10 minute recordings were made for 
30 minutes. 

Diets. During their scheduled feeding, the diet changed 
daily between a low fat, a high fat and Purina lab chow. 
During ad lib feeding, the rats received Purina lab chow only. 
Compositions of the low and high fat diets are in Table 1. 
Excluding the last day, all rats received the same dietary 
treatment throughout the study. 


Experiment 2: Effect of Obesity 


Animals. Hypothalamic obesity was produced in female 
Wistar rats (Simonsen, Gilroy, CA) by placing electrolytic 
lesions in the ventromedial hypothalamus as described by 
Inoue ef al. [25]. Eight successfully lesioned rats and 7 
sham-operated controls were used. The rats were 10 months 
old and the experiment took place 7 months after surgery. 
Zucker rats were obtained through the generosity of Dr. J. 
Stern (Department of Nutrition, The University of California 
at Davis). The rats were 5S—6 weeks old. Six lean and 6 obese 
were used in the study. 

Experimental protocol. The rats were caged individually 
for one week. They were food deprived overnight and then 
received the test meal for 2'/2 hours. The test meal consisted 
of Purina lab chow, chocolate chip cookies and a 16% mal- 
tose drinking solution. The rest of the experimental protocol 
and procedure is as described in Experiment |. 


RESULTS 


Body weights and BAT weight by dietary treatment and 
type of obesity are shown in Table 2. The obese had signifi- 
cantly heavier BAT than the lean. Though body weight of the 
Zucker obese was not larger at this young age, the obese 
could be clearly identified by their more round appearance 
and also by the fatness of their skinfolds. Voluntary intake of 
the test meals and in vitro respiration rate of BAT after re- 
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moval of the food are shown in Fig. 1. The rats receiving the 
high fat test meal, the hypothalamic and the Zucker obese 
rats exhibited a significant increase in the size of the test 
meal, but a decrease in the in vitro respiration rate of the 
BAT per equal weight of tissue compared to rats eating the 
low fat diet or compared to respective lean rats. 

A significant negative correlation (r=—.41; p<0.01) was 
found on the pooled data between respiration rate of BAT 
and caloric intake during the preceding test meal. 


DISCUSSION 


Energy output has been traditionally considered as an 
independent variable in the regulation of energy balance, 
while energy intake has been thought to play a dominant role 
in the determination of body weight [2, 9, 11]. Food intake 
has been thought to be finely controlled so as to match 
energy intake to energy output. This concept was developed 
on the basis of the findings that increasing energy output by 
exposure to cold [34] or by physical activity [30] usually 
results in an increase in voluntary food intake and in a 
maintenance of energy balance. Control of food intake has 
been conveniently divided into two components: (1) a short 
term component that controls meal size and intermeal 
interval through an effect induced by the food consumed. 
Based on experimental results, several prorosals have been 
offered for the mechanism involved [10, 15, 31, 43, 44]. (2) A 
long term component that determines food intake behavior 
sO as to maintain body weight at a relatively constant level 
[23, 28, 37]. Prolonged overfeeding will be followed by 
aneroxia [13,39] and underfeeding by hyperphagia [1,29]. 
There is very little experimental data on the mechanism 
involved in this ‘‘long term’’ control of food intake [46]. 

The possibility that energy output may play an important 
role in determining body weight has also been considered. 
There are several lines of evidence that support such a role 
for energy output. (1) From measurements of food intake and 
physical activity, a reduced activity was of greater 
etiological significance than overeating in human obesity 
[26]. (2) It has been long known that food deprivation is 
associated with a greater metabolic efficiency [4, 5, 24] and 
that a return of body weight to normal following food 
deprivation can occur without a full compensatory increase 
in food intake [1,29]. (3) Excess energy intake may be 
associated with a decreased metabolic efficiency through a 
mechanism known as dietary induced thermogenesis [32, 33, 
35, 42]. The existance of this phenomenon has been 
controversial [17,36]. However, it has been clearly 
demonstrated recently in the rat [38] and BAT was identified 
for the first time as playing as key role in it [38, 40]. (4) 
Genetic obesity in rodents was found to be associated with, 
and was suggested to be caused by, a malfunctioning BAT 
[21, 22, 45], resulting in a reduced heat production and 
consequently in a greater accumulation of fat. 

Since development of obesity is usually associated with 
simultaneous changes in both sides of the energy balance 
equation, it has been hypothesized here that heat production 
from BAT, or perhaps other changes in BAT that accompany 
food intake and that correlate with heat production in this 
tissue, serve as a feedback signal for satiety. BAT therefore 
may play a role both as a site for energy expenditure, which 
is determined by the availability of nutrients [18, 38] and in 
the control of food intake. Our data showing that a reduced 
respiration rate per 100 mg tissue is associated with an in- 
creased size of the test meal (Fig. 1) lends support to a BAT 
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TABLE 2 
BODY AND INTERSCAPULAR BAT WEIGHTS BY DIETARY TREATMENT AND BY TYPE OF OBESITY 





Meal Composition VMH Obesity Zucker Obesity 


Meal 
Deprived Low Fat High Fat Lean Obese Lean Obese 





Body Weight E 3 207+ 5 294+ 8 + 453+ 25 230 + 220 + 10 


(g) 
BAT Weight 220 + 10 439+ 35 * 881 + 101 308 + 16 * 602 + 40 


(mg) 





Data are mean+SE; *p(t)<0.01; *p(1)<0.001. 


mediated thermostatic hypothesis for the control of food 
intake. Though the negative correlation between BAT 
respiration and food intake is statistically significant, the 
correlation coefficient is not high, suggesting that heat 
production from BAT exerts its effect in concert with other 
factors. 

It is noteworthy that respiration rate per total 
interscapular BAT was not significantly altered in either type 
of obese, compared to the respective lean rats. If a BAT 
mediated thermostatic control of food intake exists, our data 
would suggest that it is operative through local receptors in 
the BAT, rather than reflecting a response to the total BAT 
heat production induced by eating. Such receptors could be 
activated by changes in BAT temperature or by changes in 
elements of the BAT that may correlate with heat 
production, and that reflect the nutritional state, such as 

[[] Meo! deprived perhaps BAT glycogen. 

The major additions in the present version of the 
thermostatic hypothesis to the original [10] are that (a) it 
points to BAT as playing a key role in it; (b) it suggests that 
one mechanism may exist for both the short and the long 
term control of food intake as follows: a prolonged food 
deprivation results in a further reduction in the weight of 
BAT (Glick, unpublished data), and presumably in a 
decreased BAT thermogenesis. This would result in an 

Meal Hypothalamic Genetic increased food intake coupled with an increased metabolic 
Composition Obesity Obesity efficiency until body weight (and BAT thermic response to 
feeding) returns to normal. On the other hand, a state of 
FIG. 1. Voluntary intake of the test meals and in vitro respiration overnutrition results in an increased BAT mediated 
rate of BAT as a function of meal composition, and of obesity: VMH thermogenesis and, therefore, in a decreased voluntary food 
and Zucker. Data are mean+SE. One group of rats were trained to intake coupled with a decreased metabolic efficiency. 
eat large meals. On the experimental day they were divided into 3 
groups : (1) meal deprived; (2) fed a low fat meal; (3) fed a high fat ACKNOWLEDGEMENTS 
meal. Another group of rats were overnight fasted; then the lean and 
the obese received the same test meal consisting of Purina labora- This work was supported by NIH grant AM 27019. The author 
tory chow, chocolate chip cookies, and a 16% maltrose drinking acknowledges the technical help of Dr. J. Oku and Ms. D. Cona- 
solution. Correlation between respiration rate of BAT and meal size way, also the useful comments on the manuscript made by Dr. D. 
on the pooled data is statistically significant (r=0.41, p<0.01). Novin. 
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SPITERI, N. J., A. ALINGH PRINS, J. KEYSER AND J. H. STRUBBE. Circadian pacemaker control of feeding in the 
rat, at dawn. PHYSIOL. BEHAV. 29(6) 1141-1145, 1982.—Previous studies suggest that feeding at dusk is probably 
dependent on the rat’s immediate energy requirements, while feeding at dawn may have an ‘anticipatory’ function. 
However, little is known regarding the relative contribution of habit, energy deficits and circadian pacemakers in the 
expression of feeding behavior. The aim of the present study was to investigate the involvement of, and interplay between, 
habit, pacemaker synchronization and energy deficits in the occurrence of dawn feeding in rats. Light onset exerts a strong 
control over the timing of dawn feeding. The motivation to feed at dawn persists even when access to food is prevented 
during this period, and shows accompanying shifts with changes in light onset. Rats compensate their caloric deficit 
imposed by food restriction at dawn by eating earlier in the light phase. This feeding probably occurs in response to 
feedback mechanisms signalling an energy deficit. The rapid shift in dawn feeding with changes in light onset and food 
restriction, and its quick reappearance after discontinuing food restriction, argue against habit formation as solely respon- 
sible for the occurrence and maintenance of dawn feeding. Habit formation does play a secondary role in the maintenance, 
but occurs within the ‘boundaries’ set by the pacemaker. These experiments show that the timing and maintenance of dawn 
feeding are under the control of a circadian pacemaker which can be shifted by light onset only. 


Meal patterning Circadian rhythm 


APART from delineating positive [12] and negative [5] feed- 
back mechanisms in the regulation and control of food in- 
take, current views emphasize the importance of environ- 
mental factors [3,10], habits [4,7] and circadian pacemakers 
{2, 6, 8, 9, 10]. Food intake in the rat shows a day-night 
rhythm, about 85% of the total intake being ingested in the 
dark phase [6, 10, 11]. Feeding activity during this phase 
shows two distinct peaks, one at the beginning (dusk) and 
another towards the end (dawn) of the night [6, 9, 10, 11]. 
Each rat shows distinct feeding and drinking patterns, which 
are repeated from day to day [6,10]. 

Previous studies suggest that feeding at dusk is probably 
dependent on the rat’s immediate energy requirements, 
while feeding at dawn may have an ‘anticipatory’ function 
[1,6]. Thus, rats augment their energy stores in advance of 
the light phase—a period of aphagia and sleep. Further, it is 
suggested that dawn feeding is influenced by a circadian 
pacemaker, since changes in light onset, but not short food 
restriction schedules, can alter the timing of dawn feeding 
[6]. 

However, as yet very little is known regarding the relative 
contribution of habit, feedbacks and pacemakers in the ex- 
pression of feeding behavior. The present experiments are 
designed to investigate the involvement of, and interplay be- 
tween, daily feeding habits, pacemaker synchronization to 
light onset and energy deficits in the regulation and control of 
the dawn feeding peak in rats. 


‘Requests for reprints should be addressed to J. H. S. 





Food availability 


Food intake regulation 


METHOD 
Animals and Housing 


Six male Wistar rats, about 90 days of age and weighing 
350-414 g, were kept in a quiet room which was well 
screened from laboratory noise. The rats were housed indi- 
vidually in Plexiglas cages (25 x 25 x 30 cm) on wood shavings 
and were visually shielded from each other. Water was freely 
available throughout the experiments. Room temperature 
was thermostatically controlled at +22°C. The animals were 
kept under a 12 hr light-dark (LD) regime, with lights out at 
12:00 hr. Light was provided by an overhead 40 W daylight- 
type fluorescent lamp. Light intensity inside the cages was 
the same for all rats and varied between 4 u.W-cm~ at cage 
floor level to about 20 ~.W-cm~ at the level of the food 
hopper. Light intensity measurements were made with a 
UDT model 40 optometer using a radiometric filter and a 
foot-candle diffuser. Food pellets (Muracon, Trouw, The 
Netherlands) were available in metal food hoppers ad lib. 
Feeding activity was recorded throughout the day-night 
cycle on an Esterline-Angus event recorder. A rat could 
gnaw pieces of food through vertical stainless steel bars 
situated at the front of the hopper. The gnawing and biting of 
the food pellets caused the food hopper to swing through a 
shallow angle, thereby closing an electrical circuit, which 
deflected a pen on the event recorder. Spillage was collected 
in an undertray attached to the food hopper. The hoppers 
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were filled with the food about two times per week, and at 
different times in the L-phase. Routine maintenance of the 
cages was carried out during these times. Access to food 
could be restricted by a slow-moving, horizontally-sliding 
door situated in front of the food hopper. Door opening and 
closing was activated by air pressure, and a time-clock con- 
trolled the time of day and duration of the deprivation 
period. Food intake and body weight were measured daily, 
at random times in the L-phase, unless otherwise stated. 


Experimental Procedure 


Experiment |. The rats were given a two-week habitua- 
tion period in the cages under a 12 hr LD-cycle. During the 
following 8 weeks, the rats were subjected to the following 
conditions: Week 1: This was a pre-experimental week. Rats 
had ad lib access to food and water. The LD-regime was LD 
12:12. Weeks 2 and 3: Two weeks with light onset advanced 
by 2 hours: LD 14:10 (lights off from 12:00 to 22:00 hr). The 
rats had free access to food and water. Week 4: During this 
week, the rats experienced daily periodic food restriction 
during the first 3 hours of the L-phase, under an LD 14:10 
regime. This condition was included in order to investigate 
whether door closure, preventing food access during the first 
3 hours of the L-phase, and opening affected the feeding 
pattern in any way. Weeks 5 and 6: Two weeks with light onset 
delayed by 2 hours: LD 12:12. The deprivation period was 
maintained at the same clock time; so that the rats were now 
deprived for 2 hours in the D-phase and | hour in the L-phase 
(from 22:00 to 01:00 hr). 

This condition was included to investigate whether the 
peak in food intake, once established before a period of food 
restriction, would shift with a shift in light onset. This would 
give information on the relative importance of habit forma- 
tion in the maintenance of the dawn feeding peak. Week 7 
and 8: Two post-experimental weeks with continuous access 
to food and water. The lighting regime was maintained at LD 
12:12 (as in week 5 and 6). 

Experiment 2. At the end of Experiment 1, the rats were 
allowed three weeks to habituate to an LD 14:10 lighting 
regime. Thereafter, during a period spanning 5 weeks, the 
rats were subjected to the following conditions: Week 1: 
Pre-experimental week. Food and water were freely availa- 
ble. Weeks 2 to 4: Three weeks with light onset delayed by 2 
hours, from 22:00 to 24:00 hr; and with simultaneous 
periodic food restriction for 3 hours at dawn, from 22:00 to 
01:00 hr. The lighting regime was LD 12:12. Week 5: A 
post-experimental week, with continuous access to food and 
water, and with light onset advanced by two hours. Thus the 
lighting regime during this week was LD 14:10. 

In Experiment | rats were accustomed to food restriction 
during a specific time of the day (22:00-01:00) before light 
onset was delayed by two hours. To investigate whether 
previous experience with food restriction at that time was 
important for the shift in dawn feeding together with a shift in 
light onset, food restriction and light onset delay occurred 
simultaneously in this experiment. This would also give in- 
formation on the relative importance of habit formation in 
the maintenance of the dawn feeding peak. Week 5 was in- 
cluded to see whether the dawn feeding peak would reappear 
on return to free feeding, after rats were accustomed to a 
period of food restriction at dawn. This may give information 
on the relative importance of habit in the establishment of 
the dawn feeding peak. 
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FIG. 1. Experiment 1. Mean duration of food intake per 30 minutes 
for weeks I (control), 2 and 3 (advanced light onset), 4 (periodic food 
restriction in the L-phase), 5 and 6 (delayed light onset and food 
restriction), and 7 and 8 (post-experimental weeks). Arrows indicate 
shifts in light onset. Periodic food restriction at dawn is indicated by 
the stippled area. 





RAT FEEDING MOTIVATION AT DAWN 





FIG. 2. Diagrammatic representative daily meal patterns of one rat 
during 14 days of delayed light onset (from LD 14:10 to LD 12:12) in 
combination with periodic food restriction at dawn (indicated by the 
stippled area), and 13 days of ad lib food intake. Notice that on 
return to free-feeding the rat ate immediately in the period in which 
it was previously deprived of food. 


Data Analysis 


For each rat, the mean time spent feeding per 30 minutes, 
over the LD-cycle, was calculated per week. The 
means+SEM per 30 minutes were then obtained for each 
week of the experiment, and expressed as histograms (Figs. 
1 and 3). For reference purposes, the light and dark phases 
were subdivided into different time periods. The L-phase 
was subdivided into two 6-hour periods (D: 24:00 to 06:00; E: 
06:00 to 12:00), and the D-phase into three periods of 4 hours 
each (A: 12:00 to 16:00; B: 16:00 to 20:00; C: 20:00 to 24:00) 
(Figs. 1 and 3). 


RESULTS 


Body weight increase and daily food intake were normal 
throughout both experiments and did not show any signifi- 
cant changes in any of the conditions. 


Experiment 1 


Light-onset advance. Under LD 12:12, rats consumed 
about 85% of their daily food intake in the dark phase show- 
ing the normal distribution in feeding activity (Fig. 1, week 
1). With a change in the light-dark cycle in LD 14:10, by 
advancing light onset two hours, rats increased their intake 
during the L-phase to about 20%. Further, the dawn peak in 
feeding activity shifted to before light onset within one week 
of the light shift (Fig. 1, week 2); and this peak was re- 
established by the next week. There was no change in dusk 
feeding activity (period A). 

These results clearly show that advancing light onset re- 
sults in a shift in the feeding pattern. 

Food restriction in the light phase. Depriving the rats of 
food during the first 3 hours of the L-phase did not alter the 
feeding pattern significantly (Fig. 1, week 4). 

These results show that a three-hour food restriction 
period, beginning with light onset, does not alter or shift the 
feeding pattern. 

Light onset delay and food restriction at dawn. Delaying 
light onset by two hours (effectively extending the D-phase 
by two hours into the deprivation period) caused a significant 
change in the feeding pattern. The dawn peak in food intake 
shifted towards light onset (Fig. 1, week 5), and feeding in 
the 2 hours before food restriction gradually decreased 
(week 6). By week 6 (Fig. 1) dawn feeding was virtually ab- 
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FIG. 3. Experiment 2. Mean duration of food intake per 30 minutes 
for weeks | (control), 2, 3 and 4 (delayed light onset with food 
restriction at dawn), and week 5 (post-experimental week with ad- 
vanced light onset, from LD 12:12 to LD 14:10). Periodic food re- 
striction at dawn is indicated by the stippled area. 


sent. However, rats ate earlier in the L-phase (week 6, 
period D). An increase in food intake was also observed in 
the D-phase, particularly during week 6, period B. 

When ad lib feeding was restored (week 7), dawn feeding 
returned in the two hours immediately preceding light onset. 
This occurred during the first post-experimental week. Feed- 
ing during the L-phase decreased to pre-experimental levels. 
Both of these changes can be seen in Fig. 1. Figure 2, a 
diagrammatic representation of the meal pattern of one rat, 
shows that on the first encounter with free access to food, 
the rat ate immediately in the last two hours of the D-phase, 
and did not eat early in the L-phase. Feeding activity late in 
the D-phase persisted during the following days. Other rats 
showed similar changes. 

These results show that first, there is a shift in the feeding 
pattern, such that the decreased food intake late in the 
D-phase is compensated by an increase in the L-phase, par- 
ticularly during the 6 hours following deprivation, and 
around the middle of the D-phase. Second, the rapid increase 
in food intake late in the D-phase, on continuous access to 
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food, is accompanied by an immediate decrease in food in- 
take in the L-phase, and in the middle of the D-phase. 


Experiment 2 


During the control week, rats ate about 70% of their daily 
intake in the D-phase (Fig. 3, week 1). On delaying light 
onset by two hours (LD 12:12), while simultaneously depriv- 
ing the rats of food for three hours (from 22:00 to 01:00 hr), 
the dawn feeding peak shifted gradually towards the new 
light onset time and decreased in size (Fig. 3, weeks 2 and 3). 
By week 4, the feeding peak was totally absent at dawn. 
Feeding activity increased during the dusk period and in the 
middle of the D-phase (periods A and B). However, rats 
compensated for most of the decrease at dawn, early in the 
day (period D). 

With a return to LD 14:10 and ad lib food access, the 
dawn feeding peak was re-established, and feeding activity 
over the LD-cycle approached normal levels (Fig. 3, weeks | 
and 5). 

These results show a shift in the feeding pattern such that 
the decreased food intake late in the dark is compensated by 
an increase in feeding early in the L-phase. Other compensa- 
tory shifts occur by a decrease in food intake in the second 
half of the L-phase followed by increased feeding in the first 
and middle part of the D-phase. Even after three weeks of 
restricted access to food at dawn, dawn feeding is quickly 
re-established before light onset on return to continuous ac- 
cess to food. 


DISCUSSION 


Light onset exerts a strong control over the feeding pat- 


tern of rats, so that advancing or delaying light onset is ac- 
companied by changes in the circadian meal pattern, and in 
particular dawn feeding. Experiment | clearly shows that 
light onset advance shifts the dawn peak in food intake 
(weeks | to 3). This replicates previous findings [6]. 

Door closure preventing food access in the first 3 hours of 
the L-phase and opening did not alter the feeding pattern 
significantly. When the D-phase was prolonged by two 
hours, while maintaining food restriction during this period, 
the dawn feeding peak shifted towards light onset (Experi- 
ments | and 2). This shift resulted in the disappearance of 
dawn feeding. Dusk feeding also shifted, so that peak feeding 
activity occurred about one hour later in the D-phase. 
These results fully support those of a previous study 
which demonstrates that not periodic food restriction, 
but advancing light onset shifts the dawn feeding peak [6]. 
Rats ate earlier in the L-phase, after door opening. This 
suggests that rats could not bridge the energy gap and may 
have ‘experienced’ an energy deficit late in the D-phase and 
early in the L-phase. It can be argued, therefore, that food 
intake during the L-phase most probably occurred in re- 
sponse to negative feedback mechanisms registering an en- 
ergy deficit. On terminating food restriction, rats ate im- 
mediately in the two hours preceding light onset (Experiment 
1), or in the first hour of light onset (Experiment 2, Fig. 3, 
week 5). Previously rats had been deprived of food during 
these periods. Dawn feeding became quickly re-established 
prior to light onset during the first post-experimental week, 
in both experiments. These results strongly suggest that the 
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motivation to eat at dawn shifts with changes in light onset, 
and persists even in the absence of food. The motivation to 
eat during particular periods in the D-phase also persists 
when rats are given access to food in the L-phase only [10]. 
This was still present after one month of diurnal food access. 
The strength of feeding motivation at dawn can also be seen 
in Fig. 3. On return to free feeding and simultaneous light 
onset advance (Experiment 2, week 5), all rats ate during the 
first hour of the L-phase. It is well known that under normal 
conditions rats eat little or nothing at all during the first hours 
of the light period. 

It seems that habit plays a secondary role in the expres- 
sion and maintenance of dawn feeding. With changes in light 
onset dawn feeding showed a rapid shift, and also reap- 
peared quickly when periodic food restriction was discontin- 
ued. Had habit exerted a strong influence on dawn feeding, 
than one would have expected the persistence of feeding in 
the period preceding the deprivation period, irrespective of 
light onset shifts. Conversely, it can be argued that an ab- 
sence or a slow reappearance of dawn feeding, after its dis- 
appearance, would have suggested a major involvement of 
habit. The rapidity of disappearance and reappearance of 
dawn feeding argues against this. It is interesting to note 
that advancing light onset results in a larger shift speed of the 
dawn feeding peak, then when light onset is delayed. Asym- 
metries in the rate of phase-shifting during advances and 
delays in the light-dark cycle is well known [2,8]. Further the 
shift occurs in the dusk peak as well. Such a difference in 
shift speed may be ecologically significant. The rats’ dawn 
feeding would shift accordingly with changes in light onset 
(for example when light onset occurs earlier), thereby 
minimizing the rat’s exposure in the light period to potential 
predators. 

The following tentative explanation may account for the 
occurrence and maintenance of dawn feeding. A circadian 
pacemaker, which is entrained to light onset, increases the 
rat’s motivation to feed during the dawn period (in the lab- 
oratory, a period of 2 to 3 hours at the end of the D-phase). 
The timing of meals within this period, for example the 
occurrence of meals at similar times during successive days, 
could be due to habit formation but occurs within the 
‘boundaries’ set by the pacemaker. Such a pacemaker could 
enhance positive feedback mechanisms resulting in larger 
meals at dawn ({9] and personal observation). That such 
mechanisms are active during the dawn period is suggested 
by findings which show that, at dawn, rats eat several meals 
without immediately digesting them [1]. Thus rats will con- 
tinue eating on a relatively ‘full’ stomach. The involvement 
of feedback mechanisms is suggested by the changes in the 
feeding pattern in response to a short daily restriction of food 
intake. Rats show compensatory changes over the light-dark 
cycle which lead to stable food intake. 

Among the entire complex of signals that determine the 
patterning of feeding, this study evaluates the relative con- 
tribution of circadian pacemakers, energy deficits and habits 
in the occurrence of dawn feeding. These experiments 
suggest that the influence of the circadian pacemaker is very 
strong in the timing and maintenance of dawn feeding. Habit 
formation and energy deficits play a secondary role and 
occur within the ‘boundaries’ set by the circadian pacemak- 
er which is synchronized by light-dark changes. 





RAT FEEDING MOTIVATION AT DAWN 


REFERENCES 


. Armstrong, S., J. Clarke and G. Coleman. Light-dark variation 
in laboratory rat stomach and small intestine content. Physiol. 
Behav. 21: 785-788, 1978. 

. Borbély, A. A. and H. U. Neuhaus. Daily pattern of sleep, 
motor activity and feeding in the rat: Effects of regular and 
gradually extended photoperiods. J. comp. Physiol. 124: 1-14, 
1978. 


. Collier, G. An ecological analysis of motivation. In: Analysis of 


Motivational Processes, edited by F. M. Toates and T. R. Hal- 
liday. London: Academic Press, 1980, pp. 125-151. 

. Daan, S. and S. Slopsema. Short-term rhythms in foraging be- 
haviour of the common vole, Microtus arvalis. J. comp. 
Physiol, 127: 215-227, 1978. 

. Hoebel, B. G. Feeding: Neural control of intake. Ann. Rev. 
Physiol. 33: 533-568, 1971. 

. Kersten, A., J. H. Strubbe and N. J. Spiteri. Meal patterning of 
rats with changes in day length and food availability. Physiol. 
Behav. 25: 953-958, 1980. 


7. Le Magnen, J. Habits and food intake. In: Handbook of Physi- 


ology, section 6, Alimentary Canal, vol. 1, edited by C. F. 
Code. Washington DC: American Physiological Society, 1967, 
pp. 11-23. 


. Pittendrigh, C. S. Circadian systems: Entrainment. In: Hand- 


book of Behavioral Neurobiology, edited by F. A. King. vol. 4, 
Biological Rhythms, edited by J. Aschoff. New York and Lon- 
don: Plenum Press, 1981, pp. 95-124. 


. Rosenwasser, A. M., Z. Boulos and M. Terman. Circadian 


organization of food intake and meal patterns in the rat. Physiol. 
Behav. 27: 33-39, 1981. 


. Spiteri, N. J. Circadian patterning of feeding, drinking and 


activity during diurnal food access in rats. Physiol. Behav. 28: 
139-147, 1982. 


. Strubbe, J. H. and J. Gorissen. Meal patterning in the lactating 


rat. Physiol. Behav. 25: 775-777, 1980. 


. Wiepkema, P. R. Positive feedbacks at work during feeding. 


Behaviour 39: 266-273, 1971. 








Physiology & Behavior, Vol. 29, pp. 1147-1152. Pergamon Press, 1982. Printed in the U.S.A. 


Adipose Tissue Lipoprotein Lipase (LPL) 
and Triglyceride Uptake in Zucker Rats 


CAROL A. MAGGIO' AND M. R. C. GREENWOOD? 


Department of Biology, Vassar College, Poughkeepsie, NY 12601 


Received 17 July 1982 


MAGGIO, C. A. AND M. R. C. GREENWOOD. Adipose tissue lipoprotein lipase (LPL) and triglyceride uptake in Zucker 
rats. PHYSIOL. BEHAV. 296) 1147-1152, 1982.—To investigate the relationship between elevated adipose tissue lipopro- 
tein lipase (LPL) activity and triglyceride uptake in Zucker obese rats, fed and 12 hour fasted female obese and lean Zucker 
rats were given intrajugular infusion of radio-labelled triglyceride and label clearance and uptake were examined over 35 
minutes. In the fed state, obese rats showed more rapid clearance of the label from the bloodstream and, in both fed and 
fasted states, greater uptake into retroperitoneal and parametrical fat pads than lean rats. Obese rats showed proportionally 
less uptake into heart and liver. Regardless of feeding condition, obese rats exhibited elevations in adipose tissue LPL, 
which was significantly correlated with label uptake in adipose tissue. These results show that, in Zucker obese rats, 
elevated adipose tissue LPL is associated with increased adipose tissue triglyceride uptake. A preferential **shunting of 
calories”’ into adipose tissue, which is presumably mediated by LPL, could underlie the intractability of the Zucker obesity 


syndrome as well as the altered feeding behavior of Zucker obese rats. 


Zucker rat Genetic obesity Lipoprotein lipase 


THE genetically obese Zucker (fafa) rat has provided an 
extremely useful model for the study of early onset 
hypercellular-hypertrophic obesity [14]. From an early age, 
this animal displays several metabolic alterations such as 
hyperinsulinemia [25] and elevated hepatic lipogenesis [26] 
which result in a chronically elevated lipogenic profile. Thus 
far, the earliest such postnatal alteration that has been iden- 
tified is the elevation of lipoprotein lipase (LPL) levels in 
adipose tissue [2,14]. Lipoprotein lipase, the enzyme which 
hydrolyzes plasma triglycerides prior to their entry into ex- 
trahepatic tissue [20], may play a significant role in the regu- 
lation of lipid deposition [4, 6, 8, 11]. In the genetically obese 
Zucker rat, elevated adipose tissue LPL activity is associ- 
ated as early as the first and second week of life with 
enlarged fat cell size [3] and increased carcass lipid content 
[1]. Moreover, this elevated LPL activity develops even 
when the obese rat’s characteristic hyperphagia is prevented 
[5] and, in the adult animal, persists despite fasting [13], 
exercise [31], treatment with anti-obesity agents [9,29], and 
surgical intervention [10]. 

The observation that adipose tissue LPL activity remains 
elevated in the Zucker obese rat even under normally 
catabolic conditions suggests that this animal could exhibit 
chronically elevated clearance of circulating triglycerides 
into adipose tissue. Such a “‘shunting’’ of calories into 
adipose tissue could underly the Zucker rat’s maintenance of 
its enlarged fat cell size and obese body composition despite 
the metabolic challenges imposed by dietary restriction [5] 
and pharmacologic [9,29] and surgical [10] intervention. 
These observations further suggest that the fasted obese rat 
may still be diverting a greater proportion of circulating tri- 
glyceride into adipose tissue than its fed lean littermate. The 


Adipose tissue 


Triglyceride uptake Lipid metabolism 


functional relationship of elevated LPL activity to triglycer- 
ide uptake into adipose tissue had not previously been exam- 
ined in the Zucker obese rat. Therefore, the present experi- 
ment was conducted to examine this relationship by deter- 
mining the clearance and tissue uptake of intravenously- 
infused radio-labelled triglyceride in fed and fasted obese 
and lean Zucker rats. 


METHOD 


Six month old female obese (fafa) and lean (Fa/) Zucker 
rats were obtained from the Vassar College colony. These 
animals were offspring of breedings between known 
heterozygous (Fafa) lean females and either (Fafa) lean or 
obese (fafa) males and were maintained in a temperature- 
controlled (22-24°C) room on 12 hr light-dark cycle (0700- 
1900). For at least two weeks prior to infusion, the animals 
were placed on a restricted feeding schedule and given ac- 
cess to powdered laboratory chow (Charles River R-M-H 
3000) between 0700-1100 and then again between 1900-2300. 

The infusion procedure began at 1100. Six obese and six 
lean animals were infused in the fed condition immediately 
following the morning feeding period. In addition, six obese 
and five lean rats were not given the morning meal prior to 
infusion and were thus infused after a 12 hr overnight fast. 
Rats were infused only at the diestrous phase of the estrous 
cycle as determined by vaginal smear. 

Under ether anesthesia, catheters constructed from 
silicone rubber tubing (0.025 in. i.d. by 0.047 in. o.d.; Silastic 
Medical Grade Tubing; Dow Corning, Midland, MI) were 
inserted into the right external jugular vein and placed at the 
entrance to the right atrium. A 0.2 ml infusion of the 10% fat 
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TABLE | 


BODY WEIGHTS, FAT PAD WEIGHTS AND ORGAN WEIGHTS (g) OF FED AND FASTED OBESE 
AND LEAN ZUCKER RATS 





Parametrial 
Fat Pad 
Weight 


Body 
Weight 


Liver 
Weight 


Heart 
Weight 


Retroperitoneal 
Fat Pad Weight 





Obese 
Fed 18.06* 
(+1.49) 
19.47* 


(+2.16) 


484.17* 
(+29.75) 
505.25* 
(+34.47) 


Fasted 


Lean 
Fed 258.22 

(+ 7.64) 
244.34 


(+ 10.86) 


3.74 
(+0.48) 

2.73 
(+0.64) 


Fasted 


12.54* 
(+0.79) 
11.93* 
(+1.10) 


1.26* 
(+0.06) 
1.25" 


(+0.07) 


20.98* 
(+3.79) 
24.09* 
(+2.60) 


7.13 
(+0.05) 

5.84 
(+0.44) 


0.99 
(+0.03) 

0.94 
(+0.05) 


1.62 
(+0.33) 

1.28 
(+0.35) 





Values are means+SEM. 


*Significantly different from lean, same condition, p<0.05 or better. 


emulsion “C-Intralipid (0.08 wCi glycerol tri (1-C) oleate; 
specific activity, 4 wCi/ml; Vitrum AB, Stockholm, Sweden) 
was administered with a Harvard Apparatus infusion pump 
(Model 975; Natick, MA) at the rate of 0.02 ml/min for 10 
min. Intralipid, which is composed of soybean oil emulsified 
with egg yolk phosphatides, may be considered a valid tracer 
for chylomicron metabolism [21]. A blood sample was with- 
drawn through the catheter 10 min prior to infusion and ad- 
ditional blood samples were taken 15, 25, and 35 min after 
the start of infusion. All samples were 0.3 ml in volume and 
were placed in ice-cooled microcentrifuge tubes. Prior to and 
following withdrawal of each blood sample, the catheter was 
flushed with 0.3 ml saline. Serum was obtained by centrifu- 
gation at 9,000 g for 1 min. Blood volume was estimated from 
established values for obese and lean Zucker rats [19}. 

At 35 min after the start of infusion, animals were sac- 
rificed by decapitation. Retroperitoneal and gonadal fat 
pads, liver, and heart were removed, rinsed with saline, and 
weighed. Tissues were homogenized in saline (1:2 w/v) with 
a Branson Sonifier (Branson Sonic Power Company, Can- 
bury, CT). Radioactivity was quantitated in samples of the 
homogenates (0.2 ml in duplicate) and serum using 
Aquasol-2 scintillation cocktail (New England Nuclear, 
Boston, MA) in a Packard Tri-Carb counter. 

To determine LPL activity, adipose tissue homogenates 
(1:3 w/v) were prepared with ice-cold 0.25 M sucrose-1 mM 
EDTA buffer (pH 7.4) using glass-on-glass homogenizers. 
The homogenates were centrifuged at 12,000 g for 15 min at 
4°C and the post-mitochondrial supernatant was aspirated 
from under the fat cake layer and stored at —70°C. LPL was 
assayed using minor modifications [15] of the method de- 
scribed by Schotz et al. [22], with *H-labeled triolein used as 
substrate. Protein was determined using the colorimetric 
Biuret method [16]. 

Data for Intralipid clearance from the bloodstream were 
analyzed using three-way analysis of variance (genotype xX 
condition X time) with repeated measures on the last factor. 
Other data were analyzed by two-way analysis of variance 
(genotype X condition). When appropriate, tests for simple 
main effects and individual comparisons between treatment 
means were performed [32]. 


RESULTS 


Body Weights, Fat Pad Weights and Organ Weights 


There were significant effects of genotype on body 
weight, F(1,19)=87.54, p<0.001, parametrial, F(1,19)= 
116.21, p<0.001, and _ retroperitoneal, F(1,19)=74.95, 
p<0.001, fat pad weights as well as on heart, F(1,19)=28.63, 
p<0.001, and liver, F(1,19)=60.23, p<0.001, weights (Table 
1). As expected, obese animals weighed nearly twice as 
much as lean animals and had significantly heavier fat pads 
(p<0.01). In addition, obese animals had significantly 
heavier hearts and livers than lean animals (p<0.01). An 
overnight fast did not significantly affect any of these meas- 
ures in either genotype. 


4C-JIntralipid Clearance 


Clearance of “C-Intralipid from the bloodstream is pre- 
sented in Fig. | in terms of percentage of administered dose 
recovered in serum at the different time points sampled fol- 
lowing start of infusion. There were significant main ef- 
fects of condition, F(1,19)=30.06, p<0.01, and time, 
F(2,39)=255.89, p<0.01, on Intralipid clearance. Within 
each genotype, fasted rats cleared the infusion more rapidly 
from the bloodstream than fed rats. The genotype x condi- 
tion interaction approached significance, F(1,19)=3.96, 
p<0.10, and a test for simple effects detected a significant 
difference in clearance between obese and lean rats in the fed 
condition, F(1,19)=6.82, p<0.02. Thus, in the fed condition, 
obese rats removed the infusion more rapidly from the 
bloodstream than lean rats. In the fasted condition, however, 
there were no genotype differences in clearance. 


4C-JIntralipid Uptake into Adipose Tissue 


Recovery of “C-Intralipid from retroperitoneal and 
parametrial fat pads is shown in Fig. 2. For each fat pad, 
there was a significant effect of genotype, F(1,19)=52.93, 
p<0.001 for retroperitoneal, and F(1,19)=7.42, p<0.01 for 
parametrial, on the percentage of dose recovered. Thus, re- 
gardless of feeding condition, significantly more label was 
recovered in the fat pads of obese rats compared to lean rats 
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FIG. 1. Recovery of infused C-Intralipid from serum of fed and 
fasted obese and lean Zucker rats. Blood was sampled at 15, 25, and 
35 minutes from the start of infusion. 
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(p<0.05 or better). In the retroperitoneal pad, label uptake 
was not affected by feeding condition. In the parametrial 
pad, fasting reduced label uptake in both genotypes from fed 
levels although this tendency was not statistically significant. 
However, fasting apparently did not reduce the label uptake 
of obese rats below the levels found in fed lean rats. 


Adipose Tissue LPL Activity 


Figure 3 depicts adipose tissue LPL activity in the re- 
troperitoneal (left panels) and parametrial (right panels) fat 
pads on both a per milligram protein and a per pad basis. In 
both fat depots, significant main effects of genotype were 
obtained on LPL activity, F(1,19)=13.00, p<0.002, except 
for parametrial LPL per mg protein where F(1,19)=3.26, 
p=0.08. Thus, as previously demonstrated, obese rats had 
significantly elevated adipose tissue LPL levels compared to 
lean rats. Significant main effects of feeding condition were 
obtained on retroperitoneal LPL per mg_ protein, 
F(1,19)=8.16, p=0.01, and parametrial LPL per pad, 
F(1,19)=5.67, p=0.02. In lean rats, an overnight fast reduced 
LPL activity below fed levels (»<0.05). In obese rats, there 
was a tendency toward some “down regulation” of enzyme 
levels with fasting although these trends were not statisti- 
cally significant. As was the case for label uptake in adipose 
tissue, fasting in obese rats was not sufficient to bring 
enzyme levels below those found in fed lean rats. 

Since LPL is the enzyme largely responsible for the in- 
corporation of blood-borne lipids into adipose tissue [20], 
correlations were computed to assess the degree of relation- 
ship between LPL activity and Intralipid uptake into adipose 
tissue. As expected from the trends apparent in these data, 
significant positive correlations were found between LPL 
activity per pad and label uptake in both the retroperitoneal 
(r=0.75, p<0.001) and the parametrial (r=0.79, p<0.001) 
depots. 


4C-Jntralipid Uptake into Liver and Heart 


Recovery of 'C-Intralipid in liver and heart is shown in 
Fig. 4. There was a significant main effect of genotype, 
F(1,19)= 10.27, p<0.01, and a marginally significant effect of 
condition, F(1,19)=3.86, p=0.06, on recovery of label in 
liver. In general, less label was recovered in the livers of 
obese rats (p<0.01, for the fasted state). With fasting, there 
was a tendency towards reduction of label uptake in liver 
from fed levels which was especially apparent in lean rats. 
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FIG. 2. Recovery of infused “C-Intralipid in retroperitoneal and 
parametrial fat pads of fed and fasted obese and lean Zucker rats. 
*Significantly different from lean group, same feeding condition, 
p<0.05 or better. 


No significant effects were observed for label uptake into 
heart. However, there was a trend towards greater label re- 
covery in the hearts of lean rats than obese rats regardless of 
feeding condition. In addition, fasting apparently increased 
the percentage of label recovered in heart for both 
genotypes. 


DISCUSSION 


The results of the present experiment confirm data from 
this and other laboratories that adipose tissue LPL activity is 
elevated in the genetically obese Zucker rat [2, 5, 9, 10, 13, 
14, 29, 31]. Furthermore, the present results establish for the 
first time that this increased adipose tissue LPL activity is 
associated with increased adipose tissue uptake of 
triglyceride-derived calories from the circulation. Moreover, 
these data show that the liver of the obese rat, although 
larger than that of the lean rat, does not extract a larger 
proportion of the intravenously-infused |..bel and does not 
increase its label uptake in response to an overnight fast. 

In the lean rat, an overnight fast initiates a series of 
metabolic shifts that result in directing circulating metabolic 
fuels away from adipose tissue and to organs whose 
metabolic demands are greatest [6, 8, 12, 13, 20, 24]. It is 
clear that the lean rats in this experiment have shown the 
appropriate metabolic adaptations to an overnight fast. The 
fasted lean rats showed reductions in adipose tissue LPL 
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FIG. 3. Adipose tissue lipoprotein lipase (LPL) activity in retroperitoneal and parametrial depots of fed and fasted obese and lean 
Zucker rats. Values are expressed on a per milligram protein basis (upper panels) and a per pad basis (lower panels). *Significantly 
different from lean group, same feeding condition, p<0.05 or better: ‘significantly different from fasted group, same genotype, 


p< 0.05 or better. 


with consequent reduction in adipose tissue uptake of la- 
belled triglyceride as well as increased liver uptake of the 
label. In addition, there was a trend toward increased heart 
uptake with fasting. With fasting, the heart is rapidly oxidiz- 
ing the free fatty acids derived from triglyceride by the action 
of heart LPL [20]. It has been shown in both lean and obese 
rats that heart LPL activity increases with exercise training 
[31] or fasting [12] but these increases are greater in lean rats 
[12]. Consequently, in the lean rat, the action of adipose 
tissue LPL is consistent with those adaptations expected ina 
catabolic condition. If prolonged fasting occurred, further 
decreases in adipose tissue LPL and increases in adipose 
tissue lipolysis would be expected and the usual pattern of 
fat loss and conservation of lean body mass would ensue 
[20,24]. 

Clearly, the obese rat does not respond to an overnight 
fast with the same metabolic adaptations [12, 13, 24]. It is 
now well established that even when the body weights of 
obese rats are reduced to lean levels by manipulations such 
as food restriction [5], intestinal bypass surgery [10], phar- 
macologic intervention [9,29], or exercise training [31], these 
animals continue to maintain an obese body composition and 
elevated fat cell size at the expense of considerable loss in 
the lean body mass compartment. This preferential **shunt- 
ing of calories’’ into adipose tissue is presumably mediated 
primarily by the action of the “‘gatekeeper enzyme” lipopro- 
tein lipase [11]. Such a mechanism is confirmed by the pres- 
ent experiment where, even under the normally catabolic 
conditions of an overnight fast, obese rats maintained ele- 
vated adipose tissue LPL levels and diverted a propor- 
tionally greater number of circulating triglyceride-derived 
calories into adipose tissue. It should also be noted that 
obese rats deposited proportionally less labelled triglyceride 
in heart as well as in liver, an organ whose metabolic status is 


thought to be involved in the regulation of feeding behavior 
[7]. Apparently, such a ‘‘pulling”’ of substrate into adipose 
tissue may be one of the earliest developmental features of 
this syndrome of genetic obesity since elevated adipose tis- 
sue LPL activity is the earliest postnatal metabolic alteration 
thus far identified in the Zucker rat [2,14]. It has previously 
been suggested that this enhanced deposition of calories into 
adipose tissue at the expense of other tissues may, in some 
way, stimulate increased feeding behavior in the Zucker 
obese rat [11], as evidenced by compensatory developmental 
hyperphagia and increased food motivated behavior [27]. 
Perhaps, elevated adipose tissue LPL and its consequent 
effects on caloric partitioning could underlie as well other 
observed alterations in the feeding behavior of the obese rat 
such as alterations in dietary preferences [28] and in respon- 
siveness to the satiating effects of nutrients [17]. Moreover, 
it has also been suggested for another animal model, the sex 
steroid-treated rat, that changes in lipid metabolism [23,30] 
and particularly changes in adipose tissue LPL activity 
[18,23] precede changes in food intake and body weight. 
However, the manner in which alterations is peripheral lipid 
metabolism could mediate a signal which modulates feeding 
behavior remains unknown and clearly warrants further in- 
vestigation. 

In summary, the results of the present experiment con- 
firm previous observations on adipose tissue LPL activity in 
the Zucker obese rat and, in addition, show that adipose 
tissue LPL activity is correlated with functional caloric par- 
titioning in fed and fasted lean and obese rats. Furthermore, 
these data suggest that this peripheral metabolic mechanism 
may underlie the well-known ability of the Zucker obese rat 
to maintain an obese body composition and may be related 
as well to observed alterations in the feeding behavior of this 
animal. 
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FIG. 4. Recovery of infused 'C-Intralipid in liver and heart of fed 
and fasted obese and lean Zucker rats. *Significantly different from 
lean group, same feeding condition, p<0.05 or better. 
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STEPHAN, F. K., J. A. DONALDSON AND J. GELLERT. Retinohypothalamic tract symmetry and phase shifts of 
circadian rhythms in rats and hamsters. PHYSIOL. BEHAV. 296) 1153-1159, 1982.—The role of symmetrical innervation of 
the suprachiasmatic nuclei (SCN) by the retinohypothalamic tract (RHT) in the entrainment of circadian rhythms was 
investigated in rats and golden hamsters. In the rat, the RHT is asymmetric and unilateral binding delays re-entrainment of 
drinking rhythms to 6 hr phase advances, 6 hr phase delays and 3 hr phase advances of the light-dark cycle by several days. 
In constant light, unilaterally blinded rats have free-running rhythms with higher amplitudes and slightly shorter periods. In 
hamsters, the RHT projects symmetrically to both SCN and unilateral blinding does not affect the rate of re-entrainment. 
The results are consistent with the hypothesis that asymmetric innervation of the SCN, rather than a reduction of 
retinohypothalamic input, interferes with re-entrainment of circadian rhythms in unilaterally blinded rats. A comparison of 
hamster activity and rat drinking rhythms shows that most hamsters respond to phase shifts of the light-dark cycle by a 
reduction in activity time (alpha compression) with gradual decompression during the transients, whereas in the rat activity 
time is not as readily compressed. Both species show re-entrainment asymmetry in that phase advances require more 


transients than phase delays. 
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WHILE blinding results in free-running circadian rhythms in 
mammals, destruction of the primary and accessory optic 
tracts or their terminal nuclei does not prevent the entrain- 
ment of circadian rhythms to light-dark (LD) cycles [5, 17, 
23]. Since bilateral lesions of the suprachiasmatic nuclei 
(SCN) disrupt or abolish circadian rhythms and their 
entrainment to LD cycles (for review see, [18]) it is likely 
that the retinohypothalamic tract which terminates in the 
SCN plays a critical role in providing phase information to 
the circadian system. In a number of mammals, including the 
rat, this tract terminates in the ventral portion of the SCN 
and the contralateral projection appears to be more substan- 
tial than the ipsilateral input [7,9]. However, a recent study 
indicates that the ipsi-and contralateral RH projections are 
nearly symmetrical in the hamster [12]. 

Previous studies have shown that unilateral blinding in 
the rat retards re-entrainment to a reversed LD cycle by 2 to 
3 days [23] and that this effect is not due to degenerative 
changes in the central nervous system, since occlusion of 
one eye with an opaque lens produces the same result [28]. 
Furthermore, the delay in re-entrainment in unilaterally 
blinded rats appears to be a consequence of the resulting 
asymmetry in retinohypothalamic input, rather than the re- 
duction of the input. First, rats in which the optic chiasm had 
been sectioned, re-entrained drinking rhythms at a rate in- 





termediate between intact and unilaterally blinded rats [24]. 
Since splitting of the optic chiasm destroys the heavier con- 
tralateral connections but leaves a symmetrical ipsilateral 
input, symmetry appears to be more important to re- 
entrainment than the number of fibers. Second, neonatal un- 
ilateral enucleation also results in an entrainment rate which 
is intermediate between intacts and rats enucleated as adults 
[25]. Neonatal enucleation is followed by a redistribution of 
the retinohypothalamic tract so that both SCN receive nearly 
equal inputs [22]. 

The purpose of the present study was to compare re- 
entrainment rates of unilaterally blinded rats and hamsters to 
that of controls. Since the retinohypothalamic tract is sym- 
metrical in the hamster, no retardation of re-entrainment 
should occur. A second purpose was to examine the effects 
of unilateral blinding on re-entrainment to smaller phase 
shifts in the LD cycle. While previous studies used inversion 
of the LD cycle (i.e., 12 hr phase shift), 6 hr phase delays and 
3 or 6 hr phase advances were used in the present study. 
These phase shifts were used to ascertain that the retardation 
of re-entrainment reported for the rat is not due to the 
peculiarities of LD inversion [2]. Furthermore, although rats 
are frequently used in physiological studies of circadian 
rhythms, they are rarely used in studies of entrainment to 
LD cycles and a recent report indicates some differences 
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between rats and hamsters in response to phase shifts of the 
LD cycle [20]. The present study permits further compari- 
sons of entrainment between these two species. 


METHOD 


Animals and Housing 


Sixteen adult male Sprague-Dawley rats (body weight 
about 220 g) and 19 adult male hamsters (Mesocricetus Au- 
ratus) (body weight about 85 g) were used in the experiment. 
Rats were housed in standard hanging cages equipped with 
drinkometers consisting of an infrared light emitting diode 
and a phototransistor mounted across the tip of lick tubes. 
Hamsters were housed in a separate room in cages with ac- 
cess to activity wheels. Wheel revolutions for hamsters and 
licks for rats were monitored continuously by computer and 
cumulative counts were recorded at 10 min intervals. Food 
and water were available ad lib throughout the experiment. 
Illumination levels were approximately 150 lux at the center 
of the rack in both rooms. Controls and experimental 
animals were placed in alternating cages. 


Surgery 

All surgical procedures were performed under chloropent 
anesthesia (Fort Dodge Lab. Inc., IA; 0.3 ml/100 g body 
weight). All hamsters were castrated and one eye was re- 
moved in 8 hamsters and 8 rats prior to data collection. 
Hamsters were castrated because the LD cycle (12 hr of 
light) was near the critical photofraction for gonadal regres- 
sion in this species (see [27]) and changes in testosterone 
levels could have affected the response to phase shifts. 


Procedure 


Baseline. 12L:12D cycle (lights off 2100 hr) for 10 days. 

Phase advance. On day 11, the LD cycle was advanced 
by 6 hr (lights off 1500 hr, lights on 0300 hr). This LD cycle 
was in effect for 22 days. 

Phase delay. On Day 33, the LD cycle was delayed by 6 
hr (lights off 2100 hr, lights on 0900 hr). This LD cycle was in 
effect for 18 days. 

Phase advance. On Day 52, the LD cycle was advanced 
by 3 hr (lights off 1800, lights on 0600 hr). This LD cycle was 
in effect for 22 days. 

Constant conditions. On Day 74, the lights were left on 
continuously for 20 days. The last three days of the exper- 
iment were on a 12L:12D cycle (lights off 2100 hr). 

During the first two weeks of the experiment, 3 hamsters 
lost bodyweight and did not perform consistently in the ac- 
tivity wheels. The data for these hamsters were discarded 
and the hamsters were replaced on Day 24 with 3 identically 
treated animals which had been housed in hanging cages to 
record drinking. During the remainder of the experiment, 
intermittent equipment problems made the data for 2 ham- 
sters unusable, reducing N to 7 in each group. 

Data analysis. The time required to re-entrain to the 
phase shifted LD cycles was assessed visually from the 
event records. The day on which the onset of the activity or 
drinking rhythms had shifted by the same amount as the LD 
cycle was classified as the day of re-entrainment. Overshift- 
ing transients were disregarded for this analysis. Phase shifts 
in the daily termination of activity or drinking rhythms could 
be estimated only for the 6 hr phase delay condition. 

The last 14 days of drinking for rats in LL were analysed 
by the Chi-Square Periodogram [21] and by least square fit- 
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ting of cosines. A regression line through the acrophase of 
consecutive cosines was used for an estimate of period. 


RESULTS 


Figures 1 and 2 show computer plotted event records for 
the entire experiment for representative animals in each 
group. During the baseline condition, activity rhythms of 
hamsters and drinking rhythms of rats were entrained to the 
LD cycle with the majority of the responses occurring during 
the dark period. No consistent differences between unilat- 
erally blinded and control animals were apparent. 


6 Hr Phase Advance 


All hamsters displayed gradually advancing transients in 
the onset of the activity rhythm in response to the 6 hr phase 
advance of the LD cycle (Fig. 1). However, there was con- 
siderable variability in the number of days required to com- 
plete the 6 hr phase advance for both unilaterally blinded and 
control hamsters (Table 1). The overlap in the ranges (5 to 18 
days for controls and 7 to 17 days for UB) was so substantial 
that it is unlikely the unilateral enucleation had a systematic 
effect. Activity termination appeared to phase advance a full 
6 hr on the first day of the phase shift in 11 of 13 hamsters. 
The remaining two hamsters phase shifted 5 hr on the first 
day and required 2 or 5 days to phase advance one additional 
hour. 

In rats, gradually advancing transients in the onset of the 
drinking rhythm are evident in the event records (Fig. 2). 
Within group re-entrainment rates were less variable than in 
hamsters and the average number of days to required re- 
entrain was significantly longer for UE than for Control rats 
(Table 1). While the onset of light resulted in a cessation of 
drinking in all rats on the first day, 15 of 16 rats resumed 
drinking some 2 to 4 hr later into the light period (C66, Fig. 2, 
was the only exception). Thus, a component of the drinking 
rhythm appeared to persist near lights off of the pre-shift 
light-dark cycle. This component gradually diminished (see 
UE 77, Fig. 2) or appeared to phase delay toward the advanc- 
ing transients (see UE 73, Fig. 2). 


6 Hr Phase Delay 


The onset of the activity rhythm of hamsters appeared to 
phase delay in two distinct patterns. Four of 7 controls phase 
shifted 6 hr on the first day whereas delaying transients were 
observed in 3 hamsters. For 2 of the three hamsters, the 
transients were indistinct, i.e., a severe reduction of activity 
occurred(e.g., C60, Fig. 1). Five of 7 UE hamsters also 
phase shifted 6 hr on the first or second day. Distinct delay- 
ing transients were observed for only one hamster (UE 49, 
Fig. 3) while weak transients appeared for the other. Al- 
though the weak transients are most likely due to masking 
effects of light, the overshooting transients observed in three 
hamsters (e.g., UE 53, Fig. 3) indicate that the immediate 
phase shifts observed in many hamsters are probably not an 
artifact of masking (see Discussion). All hamsters displayed 
delaying transients in activity termination which persisted 
for approximately 6 days (Table 1). Neither onset nor termi- 
nation of UE hamster activity was significantly different 
from controls. 

All 16 rats showed delaying transients in both the onset 
and termination of the drinking rhythm (Fig. 2). A reduction 
in drinking indicates a possible masking effect in some con- 
trols (see Fig. 2, C72 for the most extreme case) but not in 
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FIG. 2. Double plotted event records of drinking for 2 intact rats (top) and 2 unilaterally enucleated rats (bottom). For further 


explanation, see Fig. 1. 
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TABLE | 


NUMBER OF DAYS REQUIRED TO RE-ENTRAIN 
CIRCADIAN RHYTHMS 





Onset 


Group 6 hr Advance 


Onset 
6 hr Delay 


Onset 
3 hr Advance 


Termination 
6 hr Delay 





Mean + S.D. 
8.6 + 1.4 
10.5 + 1.7* 6.8 
12.3 + 4.1 3.4 
10.6 + 3.3 


Rat Con 
Rat UE 
Hamster Con 
Hamster UE 


Mean + S.D. 
5.3 + 1.0 5.1+ 0.9 
> 1.6 
+ 2.9 
3.0 + 2.6 


Mean + S.D. 
6.6 + 2.3 
5.5 + 0.9 8.0 + 1.8 
6.1 + 2.6 9.0 + 3.1 
5.7 = 1.7 71a 2 3.3 


Mean + S.D. 





*Significantly different from Controls (p<0.05, Mann Whitney U, two tailed). 


UE rats. UE rats required 1.5 days more to complete the 6 hr 
phase delay of drinking onset than controls. While the differ- 
ence in onsets was statistically significant, the difference in 
termination was not (Table 1). 


3 Hr Phase Advance 


Advancing transients in activity onset and an apparent 
immediate phase shift in activity termination were observed 
for all 14 hamsters (Fig. 1). Again, the number of days re- 
quired to re-entrain was variable and not significantly differ- 
ent between UE and Control hamsters (Table 1). 

The results for rats were similar in that transients ap- 
peared in the onset but not the termination of drinking 
rhythms. Although UE rats required 1.4 days more than 
Controls, this difference fell short of statistical significance. 


Constant Light 


The expression of the hamster activity rhythms in constant 
light was highly variable. In some hamsters the activity ter- 
mination was more distinct than the onset (e.g., UE 51, C54, 
Fig. 1) while the opposite was observed in others. In 4 of the 
14 hamsters, the activity rhythm appeared nearly abolished 
(e.g., C60, UE 57, Fig. 1). Because of multiple components 
and non-stationarities, no periodogram analysis was per- 
formed on these data. Upon return to a 12L:12D cycle, all 
hamsters appeared to entrain immediately to the LD cycle, 
regardless of the phase of the free-running rhythm. No sys- 
tematic difference between UE and Control hamsters in LL 
could be determined. 

Rats generated free-running drinking rhythms in constant 
light which became progressively more diffuse. Periodogram 
analysis on the last 14 days of the 22 days in LL indicated 
that none of the Controls and only 4 of the UE rats had 
significant rhythms in the circadian range, although non- 
significant peaks appeared between 24.4 and 25.5 hr in most 
rats. Estimates of period based on the slope of a line fitted to 
the acrophases of cosines indicated an average period of 25.1 
hr for controls (N=7; the acrophases were randomly dis- 
tributed for rat C66, Fig. 2) and 24.8 hr for UE rats (N=8). 
The difference was not statistically significant. The average 
amplitude of the best fitting cosines was significantly higher 
for UE rats than for controls (159 vs 102; p<0.01, Mann- 
Whitney U). Furthermore, the variability of the acrophase 
around the regression line was significantly less in UE rats 
than in controls (1.56 hr vs 2.14 hr; p<0.02, Mann-Whitney 
U). 


UE 53 UE 49 


+ 


‘as A ' 
FIG. 3. Infrequent responses of hamsters to a 6 h phase delay of the 
light-dark cycle. Note the immediate 6 h shift of activity and over- 
shooting transients for UES3 and gradual transients for UE49. 
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DISCUSSION 
Unilateral Enucleation 


The results indicate that unilateral enucleation delays re- 
entrainment of the onset of drinking rhythms of the rat by 
several days, both in response to a 6 hr phase advance or 
delay of the LD cycle. UE rats also required slightly longer 
to re-entrain to a 3 hr phase advance, although the difference 
fell short of statistical significance. These results are consis- 
tent with previous reports of the effects of unilateral 
enucleation in the rat [23, 24, 25, 28]. Furthermore, they 
show that this effect is not unique to LD inversion. 

In contrast, no significant differences in re-entrainment 
times between UE and Control hamsters were found in any 
of the three phase shift conditions. Although re-entrainment 
times were considerably more variable in hamsters than in 
rats, the nearly total overlap between groups, as well as the 
direction of the mean differences (see Table 1), suggests that 
the failure to find a delaying effect is not simply a statistical 
problem. 

Thus, the results of this study are consistent with the 
hypothesis that asymmetry of the RH tract projection to the 
SCN interferes with phase shifting of circadian rhythms. The 
underlying mechanism for the effects of asymmetry are not 
yet clear. While a single SCN is sufficient to generate a free- 
running circadian rhythm, as well as entraining it to a LD 
cycle, it is reasonable to assume that the activity of both 
nuclei is normally integrated. Reciprocal anatomical con- 
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nections between the two SCN have recently been demon- 
strated [8, 10, 19] and an imbalance in RHT input could 
interfere with the integration of phase setting information 
between the two nuclei via such connections. Furthermore, 
in a subsequent study, the delay of re-entrainment was not 
observed in UE rats with lesions of either the ipsi- or con- 
tralateral SCN [6]. 

Constant light. Compared to controls, UE rats had free- 
running drinking rhythms with higher amplitudes, greater 
precision, and slightly shorter periods (tau). These effects 
are consistent with the interpretation that the circadian sys- 
tem of UE rats responds as if the level of illumination were 
reduced. The amplitude of circadian rhythms in nocturnal 
rodents is subject to damping in constant light, tau increases 
with light intensity and some rhythms may be abolished at 
high intensities [1]. Tau in LL is partly determined by daily 
phase delays and advances (or deceleration and acceleration 
of pacemaker velocity) as the corresponding regions of the 
circadian system’s phase response curve are exposed to light 
[4]. Whether or not the observed LL effects are related to the 
retardation of phase shifting is not clear. However, even the 
small average change in period observed here (0.3 hr) would 
be more than sufficient to account for the increase in the 
number of days required to complete the 6 hr phase shifts. 
The average daily rate of phase shift for UE rats was 0.22 hr 
or 0.12 hr less than for controls during the 6 hr phase delay 
and advance, respectively. In a recent study with larger 
groups of rats we found that tau in LL was significantly 
shorter in UE rats than in controls by 0.4 hr [6]. More impor- 
tantly, in UE rats with unilateral SCN lesions, tau in LL was 
the same as that of controls despite the even greater reduc- 
tion of retinohypothalamic input to the SCN [6]. This indi- 
cates that the level of illumination is not coded by the 
amount of retinohypothalamic input and suggests that the 
constant light effect on the period of UE rats reflects the 
interaction between the two SCN. Thus, the LL effects and 
the delay in entrainment may be functionally related in that 
asymmetric innervation of the SCN may reduce the phase 
response curve of the circadian system. 

Phase shift comparisons. Although rat locomotor activity 
was not monitored in the present study, we have shown that 
the circadian rhythms of activity and drinking are virtually 
identical in period and phase in a variety of experimental 
conditions. These include 12 hr phase shifts of the LD cycle, 
entrainment to single light pulses with different periods (in 
preparation), and entrainment to restricted feeding [26]. On 
the other hand, we have recently described differences be- 
tween hamster activity and drinking rhythms in response to 6 
hr phase advances and delays of the LD cycle [20]. The 
results of that study, in conjunction with the present results, 
permit further generalizations regarding intra- and interspe- 
cific differences in entrainment. 

Phase delay. For most hamsters, the response to a 6 hr 
phase delay was an immediate displacement of activity on- 
set, whereas transients could be observed in activity termi- 
nation for about 6 days. Although the rapid shift of onset 
may have been due to direct inhibition of wheel running by 
light (masking) in some hamsters, the overshifting transients 
occurring in other hamsters indicate that masking is not the 
sole explanation for rapid phase shifts. All three types of 
transients (immediate, gradual, overshifts) observed here 
have recently been shown in response to 4 hr phase delays 
[11]. Immediate re-setting of activity onset following 6 hr or 
12 hr phase delays was also observed for most hamsters in 
our previous study [20]. When both daily onset and termina- 
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tion are considered, the effect of phase delaying the LD 
cycle is a reduction in the activity time (alpha compression) 
with gradual decompression during re-entrainment. 

In contrast to hamster activity, the onset and termination 
of rat drinking rhythms phase delayed at nearly the same 
rate. This also appears to be the case for hamster drinking 
rhythms [20]. For some control rats and one UE rat, notice- 
able masking of drinking onset appeared in the event re- 
cords, but even in these cases delaying transients were still 
recognizable (e.g., C72, Fig. 2). Thus, only little or no alpha 
compression during phase delays seems to occur in the rat. 

Phase advance. All hamsters responded to a 6 hr phase 
advance with an immediate phase shift of activity termina- 
tion and with gradual advancing transients in activity onset. 
These results were very similar to those of our previous 
study [20], despite a number of procedural differences (e.g., 
lights on was advanced 12 days prior to light off; the phase 
delay preceded phase advance; intact male hamsters were 
used). As was the case for phase delays, immediate alpha 
compression and gradual decompression characterized re- 
entrainment of hamster activity during both 6 hr and 3 hr 
phase advances. 

The onset of rat drinking rhythms also showed gradual 
advancing transients during re-entrainment. For the termi- 
nation of the rat drinking rhythm, one component appeared 
to advance a full 6 hr immediately, giving the appearance of 
alpha compression. However, the persistence of a separate 
trailing component complicated the interpretation of the re- 
sults. At least in some rats, this component may have phase 
delayed rather than advanced. This response to a 6 hr phase 
advance has been described more clearly for rats after split- 
ting of the optic chiasm [16]. In other rats, the trailing com- 
ponent appeared to advance in parallel with drinking onset 
for several days, but in both types of phase shift, the trailing 
component became increasingly diffuse. It is unlikely that 
masking is the total explanation for this result. First, the 
trailing component appeared some 2 to 4 hr into the light 
period, and second, masking of rhythm onset observed in the 
phase delay condition was infrequent and less severe, par- 
ticularly for UE rats. It should be noted that with a few 
possible exceptions (e.g., UE77, Fig. 2) most rats did not 
show the trailing component during the 3 hr phase advance. 
Rather, drinking termination appeared to shift immediately, 
resulting in alpha compression. 

Phase advance and delay asymmetry. For the hamster, 
the time required for phase advances of activity onset was 
considerably longer than for phase delays for both controls 
(8.9 days) and UE hamsters (8 days). However, when the 
termination of activity is considered as well, the asymmetry 
is much less severe. For example, activity termination 
shifted immediately during phase advance and activity onset 
also shifted immediately for most hamsters during phase 
delay (i.e., no asymmetry). On the other hand, during phase 
advance, onset transients still persisted longer than termina- 
tion transients during phase delay (6 days longer for controls 
and 5 days longer for UE hamsters). For the rat, advancing 
transients in drinking onset lasted 3 days (Controls) or 4 days 
(UE) longer than delaying transients. 

Asymmetry effects have been discussed extensively by 
Aschoff [2]. For most nocturnal species, phase advances typ- 
ically require more transients than phase delays [2]. One 
previous report indicates that the asymmetry effect may be 
reversed in the hamster [15]. However, our results show 
either no asymmetry or asymmetry consistent with that of 
other nocturnal species (based on onset and termination). 
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Furthermore, some asymmetry in activity onset of hamsters 
appears even in response to single light pulses [3], where 
masking effects can be entirely ruled out. In general, it is 
important to note that asymmetry effects can be misleading if 
only rhythm onsets are considered [20]. 

General consideration. The present, as well as previous, 
results indicate considerable differences in the mode of 
phase shift of hamster activity compared to rat drinking, 
hamster drinking, and presumably rat activity. Although the 
present study was not designed to test formal properties of 
entrainment, the results nevertheless fit a two oscillator 
model of light entrainable circadian rhythms, in which one 
oscillator mediates onset and another the termination of each 
circadian cycle [13]. If the phase of rhythm onset and termi- 
nation are indicative of the phase of some underlying oscil- 
lators the alpha compression of hamster activity indicates a 
reduction in the phase angle difference between two oscil- 
lators. The transients, then are a result of re-establishing the 
previous phase angle difference. This interpretation is con- 
sistent with the observation that single pulse perturbations 
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can affect the phase advance section of the hamster phase 
response curve without affecting the phase delay section (cf. 
[14]). In contrast, the oscillators mediating rat circadian 
rhythms and hamster drinking appear to be more resistant to 
a reduction in their phase angle difference beyond some crit- 
ical time. In the 6 hr phase advance condition, the two oscil- 
lations may actually be driven in opposite directions, rather 
than tolerating a phase angle reduction. 

Activity rhythms of hamsters and of white footed mice 
also show alpha compression on T cycles near the limits of 
entrainment as well as in skeleton photoperiods when the 
interval between light pulses is reduced [13]. In contrast, 
recent observations in our laboratory indicate little or no 
alpha compression in the rat in these conditions (in prepara- 
tion). Conceivably, the plasticity of alpha in hamsters and 
some mice may be related to their photoperiodic reproduc- 
tive system. Comparative studies of other photoperiodic or 
non-photoperiodic species will be required to assess the va- 
lidity of this hypothesis. 
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DONALDSON, J. A. AND F. K. STEPHAN. Entrainment of circadian rhythms: Retinofugal pathways and unilateral 
suprachiasmatic nucleus lesions. PHYSIOL. BEHAV. 296) 1161-1169, 1982.—The role of retinohypothalamic input to the 
suprachiasmatic nuclei (SCN) as well as SCN afferents from the ventrolateral geniculate nuclei (LGN,) in the entrainment 
of circadian drinking rhythms was investigated in the rat. Bilateral lesions of the LGN, and the primary optic tracts had no 
affect on the entrainment of drinking rhythms to a light-dark cycle, the response to a 12 hr phase shift of the light-dark 
cycle, or on the period of the free-running circadian rhythm in constant light or constant darkness. Unilateral blinding in 
rats with or without LGN, lesions retarded the rate of phase shifting by 2 days and decreased the period of the free-running 
rhythm in constant light. For rats with unilateral SCN lesions, or such lesions combined with either ipsi- or contra-lateral 
blinding, the rate of re-entrainment was intermediate between intact and unilaterally blinded rats indicating that unilateral 
SCN lesions partially reversed the effects of unilateral blinding. Unilateral SCN lesions had no effect on the period of the 
free-running rhythm in constant light or darkness. These results are consistent with the interpretation that the asymmetrical 
innervation of the two SCN by the RHT in unilaterally blinded rats delays re-entrainment by changing the phase response 


curve of the circadian system. This change may be mediated by neural connections between the two SCN. 


Entrainment 
Constant darkness 


Circadian rhythms 
Constant light 


IT is now widely accepted that the suprachiasmatic nuclei 
(SCN) of the hypothalamus of mammals play an important 
role in the generation of circadian rhythms and in their 
entrainment to light-dark (LD) cycles (for review, see [23}). 
In the rat, as well as in other mammals, bilateral lesions of 
the SCN severely disrupt or abolish many (but not all) cir- 
cadian rhythms [23]. The retinohypothalamic tract (RHT) 
which terminates in the SCN appears to be sufficient to 
mediate entrainment to LD cycles since lesions of the pri- 
mary or accessory optic tracts or their terminal nuclei fail to 
abolish entrainment [4,26]. In blind mammals, circadian 
rhythms free-run so that extraretinal photoreception can be 
ruled out [7,20]. 

In mammals, the RHT innervates primarily the ventro- 
caudal aspect of the SCN and comparative studies indicate 
that the contralateral projection is more substantial than the 
ipsilateral projection in many species [8,10]. However, some 
recent evidence based on anterograde transport of horse- 
radish peroxidase indicates that the RHT may project nearly 
equally to the SCN of the golden hamster [16]. The func- 
tional significance of symmetry of innervation of the SCN is 
as yet not fully understood. However, unilaterally blinded 
rats take significantly longer than intact rats to re-entrain 
circadian rhythms following a 12 hr phase shift of the LD 
cycle [26]. This effect is not due to degenerative changes in 
the CNS since occlusion of one eye also produces the delay 





Suprachiasmatic nucleus 


Retinohypothalamic tract Phase shifts 


[34]. Therefore, it seems likely that either the reduction in 
the number of RHT fibers or the resulting asymmetry in SCN 
innervation in unilaterally blinded rats interferes with the 
process of re-entrainment. 

The results of two previous studies indicate that RHT 
symmetry plays a more important role than the amount of 
RHT input. First, rats in which the optic chiasm had been 
sectioned re-entrained at a rate intermediate between that of 
intact and unilaterally enucleated rats [28]. This procedure 
destroys the more substantial contralateral RHT but leaves a 
symmetrical ipsilateral input to both SCN. Second, rats 
which were unilaterally enucleated on the day of birth fail to 
show the retardation of re-entrainment as adults [29]. 
Neonatal enucleation results in a redistribution of the RHT 
from the surviving eye such that both SCN receive nearly 
equal inputs [25]. Thus, the induced symmetry may have 
prevented the retardation of re-entrainment. 

While previous studies involved manipulation of sym- 
metry of RHT input, the purpose of the present study was to 
prevent bilateral asymmetry by unilateral lesions of the 
SCN. By combining such lesions with ipsi- or contralateral 
enucleation, the amount of RHT input to a single SCN was 
varied. If the asymmetry hypothesis is correct then removing 
the differential input at the level of the SCN should prevent 
the retardation of re-entrainment in a unilaterally enucleated 
rats. The asymmetry hypothesis implies that the two sup- 
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rachiasmatic nuclei represent interacting components of a 
mechanism mediating the generation and entrainment of cir- 
cadian rhythms to the LD cycle. Because there is now evi- 
dence that the suprachiasmatic nuclei are connected by 
commissural fibers [9,11], it seems reasonable to suspect 
these structures as a first point of integration of binocular 
information about the LD cycle. 

The SCN also receive indirect visual input via the ventro- 
lateral geniculate bodies (LGN,). Because the distribution of 
the SCN afferents connections is also asymmetric [32], the 
possibility that these fibers might contribute to the effects of 
unilateral enucleation must be considered. In the hamster, 
lesions of the primary optic tract (POT) or lateral geniculate 
complex have been reported to delay the rate of re- 
entrainment following inversion of the LD cycle [22,34]. 
However, in the rat, bilateral POT lesions do not appear to 
affect the rate of re-entrainment. Inversion of nocturnal 
water intake may actually proceed somewhat more quickly 
than in intact rats although this effect has been attributed to 
the enhanced suppression of drinking (masking) in the light 
observed in these rats [26]. Nevertheless, to investigate the 
possible involvement of these SCN afferents in re- 
entrainment of rat circadian rhythms bilateral lesions were 
placed in the LGN,. 

A second purpose of the study was to examine possible 
consequences of unilateral SCN lesions and unilateral blind- 
ing on the generation of free-running rhythms in constant 
light and constant darkness. Although previous studies have 
shown that unilateral SCN lesions do not abolish circadian 
rhythms [5, 15, 27], it cannot be assumed that the two SCN 
are functionally entirely redundant. 


METHOD 
Subjects and Housing 


Sixty adult male albino rats were used for the study. All 
subjects were housed individually in hanging cages with food 
and water available ad lib. Water bottles were mounted on 
drinkometers so that each lick on the water spout interrupted 
an infrared photobeam. These events were monitored con- 
tinuously and cumulative counts were recorded at 10 min 
intervals on disk. The average illumination at the cage front 
was 110 lux and was proveded by overhead flourescent light- 
ing. Rooms were entered only for cleaning and to replenish 
food and water every 4-5 days. 


Surgery 


All surgeries were performed while the animal was deeply 
anesthetized (Chloropent, Ford Dodge Lab., Inc.; 
0.3cc/100g, IP). Electrolytic lesions were placed stereotaxi- 
cally according to the atlas of Pellegrino and Cushman [14] 
with reference to bregma, dura and the midline. Three differ- 
ent surgeries were performed: 

Bilateral POT lesions. Lesions were aimed at the region 
of the LGN, including the POT. An anodal DC of 1.5 mA 
was passed for 15 sec through a tungesten electrode insu- 
lated except for 0.2 mm at the tip. The electrode tip was 
located at these coordinates: anterior —2.6 mm; lateral+4.0 
mm; and ventral —4.8 mm. 

Unilateral SCN isolation. A tubular core knife fabricated 
from the hypodermic needle (18 ga.) was lowered to the base 
of the brain. With the incisor bar at —6.5 mm the anterior 
coordinate was —1.1 mm and the medial edge of the knife 
was at the midline. 
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FIG. 1. Schematic illustration of retinohypothalamic input to the 
suprachiasmatic nucleus (SCN) before and after unilateral lesions 
and/or unilateral blinding. RHT., RHT,—contralateral and ipsilat- 
eral retinohypothalamic tract, respectively. UE—unilateral enucle- 
ation. CE—contralateral enucleation. [E—ipsilateral enucleation. 


Unilateral orbital enucleation. One eye was removed fol- 
lowing transection of the optic nerve. The orbit was filled 
with gelfoam and the eyelid sutured closed. 


Design 


The effects of unilateral SCN lesions in combination with 
unilateral enucleations on the amount and on the symmetry 
of retinohypothalamic input to the SCN are illustrated 
schematically in Fig. 1 and the 7 groups used in the experiment 
are described below. The number of subjects indicated is 
after exclusion of rats on the basis of histological criteria (see 
Histology). In addition, intermittent equipment failures 
made the data for two rats unusable. (1) Intact (N=12). The 
RHT is 100% with bilateral symmetry. (2) UE (N=12). Uni- 
lateral enucleation. The RHT is reduced to 50% with bilat- 
eral asymmetry. (3) POT (N=9). POT/LGN, lesions. The 
RHT is 100% with bilateral symmetry. (4) POT-UE (N=9). 
POT/LGN,, lesions combined with unilateral enucleation. 
The RHT is reduced to 50% with bilateral asymmetry. (5) 
SCN-POT (N=8). Unilateral SCN lesions combined with 
POT/LGN, lesions. The RHT is reduced to 50% with unilat- 
eral asymmetry. (6) SCN-CE-POT (N=7). Unilateral SCN 
lesions combined with enucleation of the contralateral eye 
and with POT/LGN, lesions. The RHT is reduced to approx- 
imately 33%. (7) SCN-IE-POT (N=5). Unilateral SCN le- 
sions combined with enucleation of the ipsilateral eye and 
with POT/LGN, lesions. The RHT is reduced to approx- 
imately 17%. 

The data were collected over a 5 months interval in which 
the experiment was run twice using the same subjects. Be- 
tween the first and second run all rats in Groups | and 3 were 
unilaterally blinded to form Groups 2 and 4, respectively. Of 
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the 23 rats in Group 5, 8 rats each were unilaterally 
enucleated to increase the number of subjects in Groups 6 
and 7. The data from the second run for 21 rats without 
intervening treatment were used only to test for the effects of 
repeated procedures. Since no significant differences were 
found (Wilcoxon matched pairs test) data from both runs 
were combined to form Groups 6 and 7. 


Procedure 


All groups were exposed to the following procedures in 
both runs of the experiment. 

Baseline. A 12 hours light, 12 hours dark (L12:D12) il- 
lumination schedule was in effect during both pre- and post- 
operative baseline data collection. 

LD cycle inversion. Following baseline stabilization of 
post-operative drinking patterns, the illumination cycle 
(lights on at 0900 hr, off at 2100 hr) was inverted by means of 
a 12 hr delay of the lights off transition on one day. 

Constant dark. Three weeks after the LD cycle inversion 
all animals were kept in total darkness for 20 days. 

Constant light. Following constant darkness, the room 
lights were left on continuously for 20 days. 

Following the constant light condition in run 1, animals 
were placed in a L12:D12 cycle for 10 days prior to baseline 
data collection for run 2. 


Data Analysis 


Phase shifts. Re-entrainment time was defined to be the 
number of days required for the onset of the drinking pat- 
terns to re-establish pre-shift characteristics with the new 
LD cycle. These determinations were made on the basis of 
computer plotted event records. For the illustrations, event 
records were plotted with a resolution of 30 min and fewer 
than 15 licks/30 min were suppressed. 

Periodicity. The period of the free-running drinking 
rhythms in constant dark was assessed by the chi-square 
periodogram [24]. For many of the animals drinking rhythms 
in constant light were of low amplitude and high noise levels. 
Periodogram analysis did not indicate a significant periodic- 
ity for a number of cases. However, cosines with a period of 
25 hr fitted to the data indicated that the daily acrophase was 
not randomly distributed. The slope of a regression line de- 
termined by the method of least squares through the acro- 
phases was then used to assess any deviations from a 25 hr 
period. In cases where the chi-square periodogram indicated 
a significant periodicity, the two procedures yielded com- 
parable results. This procedure was further validated on DD 
data for intact rats. Estimates of period based on the slope of 
a regression line fitted through the acrophase of 24 hr cosines 
corresponded exactly to periodogram peaks in 10 cases and 
differed only by 0.1 hr in 2 cases. The standard deviation of 
the acrophases about the regression line was used as an 
index of rhythm stability. 

The Wilcoxon Signed Rank test was used for dependent 
group comparisons (Group | vs 2; 3 vs 4) and the Mann- 
Whitney U statistic was used for independent groups (all 
others). All statistical tests were two-tailed. 


RESULTS 


Histology 


Unilateral SCN lesions. The core knife produced damage 
with sharply delineated borders. The following criteria were 
used for inclusion of animals into groups with successful 
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FIG. 2. Tracings of projected coronal sections through the region of 
the chiasm for two rats with unilateral suprachiasmatic lesions. Top 
to bottom represents rostral to caudal sections. For USCN-33 the 
eye contralateral to the lesion and for USCN-SS the eye ipsilateral to 
the lesion was removed. Black areas indicate necrosed tissue. The 
event records for these rats are shown in Fig. 5. 


unilateral SCN isolation: (1) the core knife completley neu- 
rally isolated or destroyed one of the SCN; (2) the cut ex- 
tended through the optic chiasm to insure severing of the 
RHT and reciprocal SCN connections and (3) the contralat- 
eral SCN remained undamaged. Two representative lesions 
are shown in Fig. 2. 

POT-LGN,, Lesions. Although the lesions resulted in ex- 
tensive damage to the optic tract and the LGN,, a small 
number of fibers remained on the lateral border of the 
thalamus on one or both sides in a number of cases. One 
representative lesion is shown in Fig. 3. Because it was dif- 
ficult to assess whether such fibers could have remained 
functional, none of the rats in the POT lesion group was 
excluded from analysis. After selecting rats for acceptable 
unilateral SCN lesions (see above), examination of POT- 
LGN, damage in these animals indicated that the extent of 
damage was very similar to that observed in the POT group. 
Therefore, all rats with satisfactory SCN lesions were in- 
cluded in the data analysis. 


Pre- and Post-surgical Baseline 


Although some lesions resulted in a temporary disruption 
of drinking rhythms (see USCNSS, Fig. 5), all animals dis- 
played stable nocturnal drinking for at least 2 weeks prior to 
inversion of the LD cycle. No obvious changes in entrain- 
ment of drinking to the LD cycle were apparent in the event 





FIG. 3. Tracings of projected coronal sections through the region of 
the lateral geniculate nuclei for a representative rat. Top to bottom 
represents rostral to caudal sections. Black areas indicate extent of 
the lesion. The event record for this rat is shown in Fig. 4. 


records (Figs. 4,5). Table 1 shows the average number of 
daily licks as well as the percent of daily licks consumed in 
the dark for 10 days prior to surgery and 10 days prior to 
inversion of the LD cycle. Unilateral enucleation resulted in 
a small but significant reduction of daily licks and the percent 
of licks in the dark. The average number of daily licks was 
also reduced by unilateral enucleation of POT rats but the 
difference fell short of statistical significance. Although all 3 
groups with unilateral SCN lesions showed some reduction 
in nocturnal drinking, these changes were not statistically 
significant. These results are presented primarily to show 
that the various lesions did not substantially alter the amount 
or distribution of drinking in the presence of a 12L:12D cy- 
cle. 


Reversal of light-dark cycle 


All animals in the study re-entrained their drinking 
rhythms to the reversed LD cycle by means of delaying 
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transients (Figs. 4,5). The average number of days required 
to re-entrain the onset of the drinking rhythms is shown in 
Table 2. The re-entrainment rates of rats with POT lesions 
were quite similar to those of intact rats. However, unilateral 
enucleation significantly increased the number of days re- 
quired to phase shift the onset of the drinking rhythms for 
both groups. The number of days to re-entrainment for all 
three groups with unilateral SCN lesions was very similar 
and fell between that of the control groups with two eyes 
(POT and Intact) and the groups with one eye (POT-UE and 
UE), but did not significantly differ from any of these indi- 
vidual groups. However, combining the 2 SCN groups with 
one eye (Groups 6 and 7), as well as the control groups with 
one eye (Groups 2 and 4) or with both eyes (Groups | and 3) 
revealed that unilaterally blinded rats with unilateral SCN 
lesions re-entrained significantly faster than the one eye 
groups and slower than the two eye groups (p<0.05, 
Mann-Whitney U). Thus, unilateral SCN lesions at least 
partially reversed the effect of unilateral blinding on re- 
entrainment to a reversed LD cycle. 


Constant Dark 


Without exception, the drinking rhythms free-ran in con- 
stant darkness with a period slightly longer than 24 hr (Figs. 
4,5). As indicated in Table 2, the average periods of all 
groups were very similar. Furthermore, the within group var- 
iability was also low although the standard deviation for rats 
with unilateral SCN lesions was approximately twice that of 
the other groups. Despite the similarity of period, the event 
records of most rats with unilateral SCN lesions also showed 
some irregularities in the free running drinking rhythms (Fig. 
5) and the standard deviation of the acrophases of cosines 
around the least squares regression line was higher in these 
groups than in any of the other groups. The SCN-IE group 
differed significantly from the POT as well as the POT-UE 
groups (p<0.05, Mann-Whitney U). Other comparisons be- 
tween the unilateral SCN lesion groups with groups without 
SCN lesions approached, but fell short of, statistical signifi- 
cance. 


Constant Light 


For all rats, the period of the free-running drinking 
rhythm increased during exposure to constant light (Table 2, 
Figs. 4, 5). However, the general pattern of drinking became 
much more diffuse. In particular, during the last 10 days of 
LL, many animals appeared nearly arhythmic. Periodogram 
analysis for Days 3-12 in LL (the first 2 days in LL were 
omitted because of a substantial reduction in the number of 
licks) failed to show a significant peak in the circadian range 
for a number of rats, including 2 intacts. Furthermore, peaks 
were generally of low amplitude and the appearance of mul- 
tiple significant peaks limited the usefulness of this analysis. 
Consequently, the period of the free-running rhythm was 
estimated by the slope of a regression line fitted through the 
acrophases of cosines (see Methods) for Days 3-12. For one 
rat each in the SCN-POT and the SCN-IE-POT groups, the 
distribution of acrophases was random, reducing the number 
of animals to 7 and 4, respectively. The average period of UE 


FIG. 4. Double plotted (48 hr time scale) event records of drinking for an intact rat (C44) and a rat with lesions of the LGN, and primary optic 
tract (POT-35). Both rats were unilaterally enucleated between the first and second run of the experiment. The event records following 
enucleation are shown on the bottom. The white and black bar indicates the L12:D12 baseline light-dark cycle. Arrow shows day of lesion. 
A@—reversal of the light-dark cycle. DD—constant darkness. LL—constant light. 
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FIG. 5. Double plotted event records of drinking for two rats with unilateral suprachiasmatic lesions. For USCN-SS the eye ipsilateral to the 
lesion and for USCN-33 the eye contralateral to the lesion was removed. For explanation of symbols see Fig. 4. 


rats was significantly shorter than that of Intacts (p<0.05, 
Wilcoxon). No significant differences were found among the 
other groups although the average period of POT-UE rats 
was also shorter than that of POT rats. 


DISCUSSION 
Phase Shifts 


The results of this study show that unilaterally blinded 
rats require approximately 2 days more than controls to re- 
entrain drinking rhythms following a 12 hr phase shift of the 
LD cycle. This finding has been reported in a number of 
previous studies [26, 28, 29, 34]. Furthermore, lesions of the 
LGN, and the POT had no effect on the rate of re- 
entrainment determined by transients on the event records. 
Thus, the function of the SCN afferent connections from this 
nucleus remains unclear for the rat. 

Whereas in previous studies concerning RHT symmetry, 
attempts were made to equalize the inputs to both SCN, 
either by midsaggital transection of the optic chiasm [28] or 


by RHT redistribution following neonatal unilateral enuclea- 
tion [29], in this study symmetry was controlled at the target 
of the RHT, i.e., by destroying one SCN, and by manipulat- 
ing the number of RHT fibers by either ipsi-or contralateral 
orbital enucleation. The results indicate that re-entrainment 
rates of unilaterally enucleated rats in which one SCN had 
been destroyed were significantly faster than those of rats 
with one eye, although they were not as fast as those of rats 
with two eyes. In view of the considerable neural damage 
caused by the lesions, it is perhaps not surprising that the 
effect of unilateral binding was not fully reversed. There 
was no systematic indication that the amount of RHT input 
to a single SCN affected re-entrainment rate. This finding 
must be qualified in that it is not possible to ascertain the 
relative magnitude of surviving RHT input to the SCN with- 
out direct neuroanatomical verification. Some damage to the 
contralateral RHT may have resulted from the lesions. 
Nevertheless, it can be inferred that the three groups in 
which one SCN had been destroyed represented differences 
in the number of RHT fibers spared. For example, there 





ENTRAINMENT OF CIRCADIAN RHYTHMS 


TABLE | 
PRE- AND POST-OPERATIVE DRINKING 





Licks/24 hr 


Pre 
mean+S.D. 


Z 


mean+S.D. 


Licks Dark/24 Hr x 100 


Pre 
mean+S.D. 


Post 
mean+S.D. 


Post 





6984 + 807.1 


5842 + 2317.2 
6755 + 
5583 + 
7640 + 


1236.4 
993.8 
753.3 


wmnwoewowonn 


SCN-IE-POT 


6750 + 
5550 + 
5634 + 2236.8 
5050 + 
6143 + 
5459 + 
6514 + 


4.8 93.6 

90.6 

95.8 + 
94.4 + 
87.6 
90.2 
84.5 


798 
1021.3* 


91.4 + 
94.6 + 1.4 
93.2 = 39 
ee eA 
94.0 + 4.8 


oa 


x 


1481.4 
1381.5 
1686.8 

406.8 


wWAAN Ww NWN 
Nm ON f& NY 





*Significantly different from Intacts (p<0.05, Wilcoxon). 


TABLE 2 


DAYS TO RE-ENTRAINMENT AND PERIOD OF THE FREE-RUNNING 
DRINKING RHYTHM 





DaySx 
mean+S.D. 


Z 


Group 


Period))* 
mean+S.D. 


SDpp* 
mean 


Period, , 3 
mean+S.D. 





7.3 
9.4 
5 
9.4 
8.1 + 
8.0 

8.4 


+ 0.9 
1.49 
1.1 
1.68 
1.5 
0.5 
0.8 


Intact 

UE 

POT 

POT-UE 
SCN-POT 
SCN-CE-POT 
SCN-IE-POT 


A”~AnewewoOoONnNnN 


0.59 0.25 
0.67 
0.74 
0.70 
1.00 
0.95 


0.97 


25.4 
25.0 + 0.24# 
25.3 + 0.20 
25.1 + 0.30 
25.4 + 0.408 
25.4 + 0.20 
25.4 + 0.408 


24.2 + 0.06 
24.2 + 0.05 
24.2 + 0.04 
24.2 + 0.03 
24.2 + 0.10 
24.3 + 0.10 
24.3 + 0.10 





*Period based on chi-square periodogram. 
*Standard deviation of cosine acrophase about regression line. 
¢Period based on regression line through cosine acrophases. 


§Means are based on N-1 subjects. 


Significantly different from intact or POT groups (p<0.05, Wilcoxon). 
#Significantly different from intact (p<0.05, Wilcoxon). 


were no rats in the SCN-CE-POT group whose drinking 
rhythms were free-running during the LD cycle; therefore, 
some amount of the contralateral RHT remained intact. De- 
spite any differences in RHT input to the remaining SCN, the 
re-entrainment rates of these three groups were virtually in- 
distinguishable. 

These results indicate that the reduction in the magnitude 
of RHT input to the SCN does not account for the delay in 
re-entrainment observed in unilaterally enucleated rats and 
are consistent with the view that asymmetrical RHT input to 
paired SCN interferes with re-entrainment. This explanation 
receives further support from a recent study which shows 
that unilateral enucleation in the golden hamster (Mesoc- 
ricetus auratus) does not affect the rate of re-entrainment in 
response to 3 or 6 hour phase advances, or 6 hour delays of 
the LD cycle, whereas the same phase shifts produce retar- 
dation of re-entrainment in UE rats [31]. In the hamster the 
RHT innervates the SCN symmetrically [16] so that unilat- 
eral blinding reduces the total input by one half but does not 
result in asymmetrical innervation. Nevertheless, the pres- 
ent study does not exclude the possibility that destruction of 
one SCN and adjacent neural tissue caused changes unre- 


lated to RHT symmetry which contributed to the results. 
The observations in constant conditions discussed below 
provide some additional information concerning the effects 
of the lesions and unilateral blinding on the circadian system. 


Constant Dark 


The average period of the free-running drinking rhythms 
in constant dark was very similar in all groups of rats. This 
important result demonstrates that the period of the underly- 
ing circadian pacemaker is not affected by LGN,-POT le- 
sions, unilateral enucleation, or by unilateral lesions of the 
SCN. Any change in the pacemaker period would have obvi- 
ously affected its entrainment to a LD cycle [17, 18, 19]. 

Although there was no significant change in the average 
period, for all three of the groups in which one SCN was 
destroyed the standard deviation of acrophase and the within 
group variability was larger than that of the other groups in 
the experiment. Enright [6] recently proposed a model in 
which the cycle-to-cycle variability of an ensemble of mutu- 
ally coupled but individually ‘‘sloppy’’ oscillators is in- 
versely related to the number of oscillators. If the intercon- 
nected SCN constitute a functional unit in terms of generat- 
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ing circadian rhythms, then the loss of one SCN entails a 
substantial reduction of the pacemaker substrate resulting in 
a reduction of precision. This interpretation must be qual- 
ified by the possibility that the effect was due to destruction 
of neural tissue dorsal to the SCN, including SCN efferent 
and afferent pathways [2, 30, 33]. In the present study, no 
explicit controls for this damage were included. However, 
the range of standard deviations of acrophase for 10 rats in 
which the lesion resulted in only partial or no damage to the 
SCN (0.41 hr to 1.29 hr) was similar to that for rats in the 
POT group (0.49-1.17 h). This indicates that destruction of 
the SCN, rather than incidental damage, reduced the preci- 
sion of the rhythm. 

It should be noted that the method used for evaluating 
‘*precision’’ of the rhythm is based on the acrophase of 
cosines. This method is more sensitive to the overall distri- 
bution of the drinking pattern than to variations in onset or 
termination of the rhythm which are commonly used as 
phase reference points. Recent multioscillator models of the 
circadian system emphasize that the general distribution of 
physiologic and behavioral variables may be a temporal pro- 
gram generated by a pacemaker and coupled slave oscillators 
[19]. In such a model, the increased variability in overt 
rhythms could arise from decoupling of less precise slave 
oscillators from their pacemaker. 


Constant Light 


The period of the free-running drinking rhythms in con- 
stant light was very similar for all groups except for unilat- 
erally blinded rats with or without LGN,-POT lesions; how- 
ever, the difference was significant only between UE and 
Intact rats. This tendency toward a shorter period in LL 
following unilateral blinding was also observed in a previous 
study [31]. In constant light, the period of the free-running 
rhythm is at least in part determined by daily phase advances 
and delays (accelerations and decelerations) resulting from 
light falling on the corresponding regions of the pacemaker’s 
phase response curve, although intensity dependent effects 
of light on the phase response curve and on the period of the 
pacemaker are also involved [3]. In general, for nocturnal 
organisms the period of the free-running rhythms decreases 
with decreasing light intensity [1]. Thus, unilateral blinding 
produces an effect similar to a reduction in light intensity. 
However, light intensity does not appear to be coded by the 
amount of RHT input to the SCN. The period of the free- 
running rhythm was not affected by unilateral SCN lesions 
or by reducing the input to the remaining SCN. Again, it is 
interesting that unilateral SCN lesions combined with unilat- 
eral blinding reversed the effect of unilateral blinding. 

The shorter period of UE rats in LL could be the result of 
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a reduction in the phase delay section of the phase response 
curve, producing about 0.4 hr/cycle less delay than in the 
other groups. A comparison of the average daily phase shift 
during re-entrainment to the reversed LD cycle shows that 
UE rats phase shifted 0.3 hr/cycle less than Intact rats. Thus, 
the shortening of period observed in LL for UE rats is more 
than sufficient to account for the retardation of re- 
entrainment. Whereas, in LL both the phase delay and phase 
advance region of the pacemaker’s phase response curve are 
exposed to light, during phase delays of the LD cycle only 
the phase delay region is affected until the end of the rhythm 
approaches light onset (cf., [17]). This could account for the 
difference in the amount of phase shift per cycle in the two 
conditions. These results suggest that the LL effect and the 
retardation of re-entrainment have a common basis and are 
consistent with the view that the circadian pacemaker’s 
phase response curve is altered by asymmetry of RHT input 
to the SCN. Direct measurements of the phase response 
curve in unilaterally blinded rats would be necessary to 
validate this interpretation. 


General Considerations 


It is now widely accepted that the circadian system in 
multicellular organism involves more than a_ single 
pacemaker [12, 18, 19]. The effects of unilateral destruction 
or disconnection of pacemakers which are bilaterally dis- 
tributed and mutually coupled have been reported in a 
number of recent studies. 

Pickard and Turek [15] reported that the split components 
of the hamster activity rhythm fuse after unilateral SCN le- 
sions. This finding is strongly suggestive of interaction be- 
tween the SCN, although it should be noted that paired SCN 
are apparently not required for splitting to occur [5]. The 
activity rhythm of rats in which the SCN’s reciprocal inner- 
vation had been severed has been reported to split into both 
advancing and delaying components during re-entrainment 
[21]. Re-entrainment rate, phase angle of entrainment, and 
period of activity rhythms in LL are similar in hamsters with 
right or left SCN lesions, suggesting that the two SCN are 
functionally symmetrical pacemakers [5]. However, the 
period of the activity rhythm in LL was shorter in hamsters 
with unilateral lesions than in controls, a finding which 
suggests a compound pacemaker. An increase in period has 
been reported after unilateral lesions of the bilaterally dis- 
tributed pacemakers in the cockroach optic lobes [13]. In the 
present study, on the other hand, no changes in period in DD 
or LL were observed in rats with unilateral SCN lesions. 
Thus, the analysis of the interaction between circadian 
pacemakers presents a formidable problem which requires 
much further study. 
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HEYBACH, J. P. AND P. C. BOYLE. Dietary quinine reduces body weight and food intake independent of aversive 
taste. PHYSIOL. BEHAV. 296) 1171-1173, 1982.—Separate groups of rats were chronically fed diets adulterated with 
either bitter tasting quinine sulfate (QSO,), equal amounts of quinine in the less bitter form of quinine tannate (QT), or an 
amount of sucrose octaacetate (SOA) determined to have aversive taste properties equal to the QSO, diet. Dietary adultera- 
tion with SOA did not affect food intake or body weight. Dietary adulteration with quinine resulted in an initial reduction in 
food intake that showed a relative recovery but remained depressed compared to the intake of a group eating a quinine-free 
diet. Ingestion of diets containing equal amounts of quinine base resulted in equivalent chronic body weight reductions, 
despite different aversive diet characteristics. These results suggest that bitter taste is not the significant variable underly- 
ing the body weight effects of quinine but that quinine exerts some postingestive effect on body weight mediated by a slight 


but sustained decrease in the level of energy intake. 
Quinine sulfate Quinine tannate 


THE suppression of food intake in rats in response to dietary 
adulteration with quinine has generally been attributed to its 
bitter and aversive taste characteristics [2,4]. Recently, 
however, several reports have suggested that ingestion of 
quinine might have a suppressive effect on food intake [1, 6, 
11] or body weight [8] due to some postingestive conse- 
quence. 

Several findings are consistent with the latter hypothesis. 
First, dietary adulteration with the bitter-tasting substance 
sucrose octaacetate, does not affect food intake [1,11], food 
preference [1] or body weight [7] in a fashion similar to 
quinine. Second, although animals fed quinine-containing 
diets display a chronic reduction in the level of maintained 
body weight [5,8], the observed reduction in food intake is 
apparently transient [7,8]. The latter finding prompted the 
suggestion that quinine exerts a postingestive effect directly 
upon body weight that is not due to an effect on food intake 
[8]. 

In the present study we attempted to determine whether 
or not the food intake and body weight suppressing effects of 
quinine ingestion are related to the presence of quinine per se 
or to the magnitude of the aversive taste properties of the 
diet in which quinine is present. 


METHOD 


Animals 


Seventy adult male rats (Sprague-Dawley; Charles River 
Co.) weighing 390-410 g were used. Rats were maintained 
1/cage in hanging wire mesh cages with ad lib access to tap 


Sucrose octaacetate 


Body weight Food intake 


water and powdered rat chow (Wayne) in food cups 
(Wahmann Co.; LC 306B) attached to the interior front of 
each cage. The vivarium was maintained at 21+2° C witha 
regulated 12 hr photoperiod (lights on at 0700 hr). 


Procedure 

In an attempt to partition the influence of the bitter taste 
of quinine from its hypothesized postingestive consequences 
on food intake and body weight, several dietary adulterants 
were used with the following rationale. Quinine sulfate 
(QSO,; Baker Chemical Co.) is extremely bitter and should 
therefore exert both gustatory effects and any postingestive 
metabolic effect that quinine might exert [10]. Quinine tan- 
nate (QT; ICN Biochemicals) in quantities containing equal 
amounts of quinine base as QSO, has greatly reduced bitter- 
ness [12] but should be equipotent in terms of quinine’s 
postingestive effects. Sucrose octaacetate (SOA; Sigma 
Chemical Co.) is extremely bitter but metabolically benign 
[9] and should therefore have no postingestive effects. 

Preference Test 1. In an attempt to equate the aversive 
taste of the diet containing QSO, to that of a diet containing 
SOA, ten rats were deprived of food for 24 hr and then given 
a | hr free choice (in large plastic top loading cages) between 
four food cups (one in each corner of the cage) containing 
powdered chow with either 0.4% QSO, (w/w), 1.0% 2.0%, or 
4.0% SOA (w/w). Water was available during the | hr test via 
a spout projecting down into the center of the cage. The 
weight of food eaten from each cup (corrected for spillage) 
was recorded at the end of the | hr test. 
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TABLE 1 


EFFECT OF DIET ADULTERATION WITH QSO, OR VARIOUS 
LEVELS OF SOA ON FOOD INTAKE (MEAN=+SEM) IN 
1 HR PREFERENCE TEST 





Adulterant Concentration 1 hr Intake (g) 





QSso, 0.4% 1.3 + 0.4 
SOA 1.0% 1.8 + 0.3 
SOA 2.0% 1.4 + 0.6 
SOA 4.0% Lis Gs 





Preference Test 2. A two-choice preference test using ten 
naive rats was conducted in order to verify that QT was less 
aversive than QSO,. The concentration of QT utilized was 
1.2% which provided an equivalent amount of quinine base 
as the 0.4% QSO, utilized in the Preference Test 1. 

Chronic feeding trial. Fifty naive rats were divided into 
five groups (n=10/grp) of equal mean and variance body 
weight and given a two-week baseline period during which 
tap water in standard bottles and powdered chow in food 
cups was available ad lib. Following the two-week baseline 
period each group was given a four-week period of ad lib 
access to chow containing either 0.4% QSO,, 1.2% QT, 2.0% 
SOA (chosen on the basis of Preference Test 1), 0.8% tan- 
nate (T) to control for any postingestive effects of T in QT, or 
2.0% cellulose to control for any caloric dilution effect of the 
adulterants. Body weights were recorded weekly and food 
intake (corrected for measured spillage) was recorded every 
three days throughout. 

The data were analyzed using one-way analyses of vari- 
ance for relevant two-group comparisons. 


RESULTS 
Preference Test 1 


The results of the preference tests are shown in Tables 1 
and 2. Based on the pattern of results showing decreasing 
intake with increasing concentration of SOA (although the 
means were not statistically significantly different) and the 
approximately equivalent intakes of the 0.4% QSO, and 2.0% 
SOA diets, 2.0% SOA was judged to be equally preferred to 
the 0.4% QSO, diet. These preference results agree well with 
earlier work [7]. 


Preference Test 2 


Based on the greater relative intake of the 1.2% QT diet, it 
was judged to be less aversive than the 0.4% QSO, diet, 
F(1,18)=9.05, p<0.01 (see Table 2). 


Chronic Feeding Trial 


Figure 1 shows the mean 72 hr food intake for each group 
for the last three days of baseline unadulterated chow intake 
and the four weeks following addition of the various adulter- 
ants. Only those diets that contained quinine (QSO, or QT) 
resulted in a reduction in food intake. In both the QSO, and 
QT groups food intake increased following the initial period 
of equivalent adulterant-induced hypophagia but remained 
depressed at a stable level in comparison to the food intake 
in the cellulose-adulterated diet group. On day 27 both the 
QSO,, F(1,18)=25.0, p<0.001, and QT group, F(1,18)=20.5, 
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TABLE 2 


EFFECT OF DIET ADULTERATION WTH QSO, OR QT ON 
FOOD INTAKE (MEAN+SEM) IN 1 HR PREFERENCE TEST 





Adulterant Concentration 1 hr Intake (g) 





QSO, 4% 0.6 
QT 29 1.5 





p<0.001, ate less than the cellulose control. The groups in- 
gesting the SOA or T diets did not differ from the cellulose 
control group. 

The body weight data for the last week of unadulterated 
baseline diet consumption and the four weeks following diet 
adulteration for the various adulterant groups are shown in 
Fig. 2. Only the diets which contained quinine (QSO, or QT) 
resulted in a reduction of body weight and maintenance of a 
reduced body weight level compared to the cellulose control 
group. On day 28 both the QSO,, F(1,18)=31.3, p<0.001, 
and QT groups, F(1,18)=42.6, p<0.001, had significantly 
lower body weights compared to the group eating the 
cellulose-adulterated diet. The final body weights of the two 
groups ingesting quinine were not different from each other. 


DISCUSSION 


The results of this study suggest that the food intake and 
body weight suppressive effect of dietary adulteration with 
quinine is independent of the magnitude of the aversive taste 
characteristics of the diet in which it is contained. Chronic 
ingestion of either the QSO, or QT-adulterated diet, which 
contained equal concentrations of quinine base, led to simi- 
lar reductions in food intake and body weight despite a 
marked difference in the palatability of the two diets as as- 
sessed in Preference Test 2. On the other hand, neither long- 
term food intake nor body weight were affected by chronic 
ingestion of the diet adulterated with SOA despite the evi- 
dence that this diet was equivalent in aversive taste charac- 
teristics to the QSO,-adulterated diet obtained in Preference 
Test 1. Apparently, an initial suppression of food intake, 
similar to that observed in response to SOA in Preference 
Test 1, was compensated for in the latter stages of the initial 
72-hour measurement period of the chronic feeding trial. The 
latter observation is consistent with earlier reports concern- 
ing the influence of SOA on long-term food intake [7,11] and 
body weight [7]. 

In the present study, dietary adulteration with quinine 
resulted in a chronic suppression of the level of maintained 
body weight, as has been previously reported [5,8]. Quinine 
adulteration of the diet also resulted in a small but stable 
reduction in food intake which persisted compared to the 
level of intake of rats ingesting unadulterated chow. This 
observation is at variance with the reports [7,8] that rats 
ingesting a quinine-adulterated diet showed only a transient 
reduction in food intake. The reason for the discrepancy 
between our results and those of Kratz et al. [7,8] is not 
clear. We have consistently seen the persistent small reduc- 
tion in food intake reported herein. It should be pointed out 
that, in working unpalatable diets, great care must be taken 
to avoid overestimation of food intake due to an underesti- 
mation of food spillage. 

The results of the present experiment lead us to suggest 
that the effect of quinine in producing a persistent reduction 
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FIG. 1. Food intake (g) preceding (day 0) and following (days 3-27) 
the addition of various adulterants to the chow diet. 


in body weight results from a small but sustained reduction 
in the level of food intake rather than from an alteration in 
the efficiency of food utilization; the latter mechanism has 
been suggested by Kratz et al. [8] based upon their observa- 
tion that dietary quinine adulteration results in a chronic 
reduction in body weight but only a transient reduction in 
food intake. Although the present study did not address the 
issue of feed efficiency directly, we have found in subse- 
quent work [3] that chronic ingestion of a 0.4% quinine- 
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WEEKS 
FIG. 2. Body weights (g) preceding (weeks — 1-0) and following 
(weeks 0-4) dietary adulteration for the same groups of rats as 
shown in Fig. 1. 


adulterated diet has no influence on the gross efficiency of 
food utilization (i.e., body weight change/food intake) under 
either ad lib, restricted, or refeeding food intake conditions. 

In summary, the present data suggest that quinine sup- 
presses body weight through a slight but sustained decrease 
in the level of energy intake. This effect is clearly independ- 
ent of the aversive taste properties of quinine. We therefore 
conclude that an as yet undefined, postingestive effect of 
quinine accounts for its weight reducing effect. 
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ROCKWOOD, G. A. AND L. D. REID. Naloxone modifies sugar-water intake in rats drinking with open gastric fistulas. 
PHYSIOL. BEHAV. 296) 1175-1178, 1982.—The effects of the opiate antagonist naloxone (NX) on fluid preference and 
intake were determined in rats drinking with chronically indwelling gastric fistulas. The subjects were tested both after 22.5 
hr fluid deprivation, and no deprivation, with open fistulas (sham drinking), as well as with closed fistulas. Following an 
injection of either saline or NX (0.5—10.0 mg/kg, administered SC), or no injection, the subjects were given the choice to 
drink water or 10% sucrose, in a two-bottle test, for 1 hr/day. With open fistulas, and following fluid deprivation, the 
animals sham drank both sucrose and water, but had a strong preference for sucrose. When not fluid deprived, the same 
animals sham drank sucrose almost exclusively. NX significantly reduced sucrose intake by the sham drinking animals, in 
both the deprived and not deprived conditions, but did not modify fluid preference. These data support the idea that NX 
modifies affective reactivity to palatable solutions, and that NX’s antidipsogenic actions are not due to feedback from 


post-absorptional events. 


Endorphins Naloxone Sham drinking 


Sucrose 





IT is established that opiate antagonists, such as naloxone 
(NX) and naltrexone (NTX) suppress ingestion in rodents [3, 
5, 11, 15, 17, 23, 24]. The question is how the administration 
of opiate antagonists results in reduced food and fluid intake. 

The results of a recent experiment [22], indicating that 
NX reduces water intake in fluid deprived rats drinking with 
open gastric fistulas (sham drinking), provide strong evi- 
dence that the NX-induced suppression of water intake oc- 
curs when post-ingestional absorption is prevented. These 
data suggest that pre-absorption events are somehow in- 
volved with the NX-effect on fluid intake. 

The present experiment examines the role that pre- 
absorption events may play in the NX-induced suppression 
of sucrose intake. Several observations rendered it logical to 
examine patterns of consumption of a fluid more palatable 
than water (e.g., sucrose), by sham drinking rats, under var- 
ious doses of NX. It has been demonstrated that NX (in 
doses as low as 0.625 mg/kg) suppresses sucrose intake [15, 
24, 25]. Also, it has been suggested that the rewarding qual- 
ities associated with the taste of sweet solutions are some- 
how modified by NX [13,21]. 

If NX can be shown to suppress fluid intake in sham 
drinking rats given the opportunity to drink sucrose, in a 
manner similar to that seen in intact animals, it could be 
argued that NX affects certain rewarding properties associ- 
ated with taste. This might provide one answer to the ques- 
tion of how NX suppresses intake. If, however, the patterns 
of sucrose intake by sham drinking rats differ from those of 





intact rats, the possibility would exist that events of absorp- 
tion, and those following absorption may also be critical. 
Since it has been demonstrated that there is endorphinergic 
activity in both the gut and pancreas [8,20], it seems reason- 
able to presume that NX may modify the way organisms 
handle sugar once it is absorbed. 

In the present experiment, the effects of various doses of 
NX on fluid intake and preference by sham drinking rats, 
given the choice to drink water or 10% sucrose, in a two- 
bottle test, were examined. All subjects were tested under 
both 22.5 hr fluid deprivation, and no deprivation. In addi- 
tion, animals were tested with closed fistulas, using the same 
procedure as in the open fistula tests (except, of course, the 
fistulas were closed at all times). 


METHOD 

Subjects 

The subjects were 6 male, Sprague-Dawley derived rats 
(Taconic Farms, Germantown, NY), each weighing between 
300 and 400 g on the day of surgery. The animals were indi- 
vidually housed in a colony room, maintained at 24° C, witha 
reversed 12-hr light/12-hr dark cycle (lights on beginning at 
2200 hr). All testing was conducted during the dark period. 
Food and water were available ad lib prior to training and 
testing, and as specified by the procedures. 

Following at least a 7-day period, during which time the 
animals became familiar with the laboratory surroundings, 
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each animal was fixed with a chronically indwelling, stain- 
less steel, gastric fistula. The fistulas, and the procedure for 
fixing them were similar to those described earlier [10,19]. 


Procedure 


After surgery, and across 7 days, the rats were habituated 
to the general regimen of testing, i.e., being presented with 
sucrose daily, being handled, and for one-half the subjects, 
being deprived for 22.5 hr prior to the test period. After this 
habituation period (approximately 6 days), all subjects were 
given the opportunity to sham drink, both water and sucrose, 
in a two-bottle test. All sham drinking sessions lasted for | 
hr/day. Those subjects which were fluid deprived had access 
to their water bottles for 10 min, 15 min following their sham 
drinking bout. Once stable baseline sham drinking rates were 
established (about 5 days), testing for NX’s effects began. 

Four hr before the onset of sham drinking sessions, food 
was removed from the rat’s home cages. To prepare a rat to 
sham drink, the fistula was opened and the stomach was 
gently flushed with 10 ml of room-temperature saline to clear 
the stomach of any remaining food. The fistula was then 
closed, and the animal was returned to its home cage. 

Fifteen min after the stomach flush, the animal received 
either an injection of isotonic saline, NX, or no injection 
(handled only). Fifteen min after either injection or handling, 
the animal was removed from its home cage, its fistula was 
reopened, and a drainage tube (a short stainless tube, with a 
22.8 mm section of Silastic tubing) was attached to the fis- 
tula, to allow for the collection of the draining fluid. The rat 
was then placed in an individual drinking chamber for the | 
hr session, and offered water and 10% sucrose in a two-bottle 
test (See Fig. 1). Thirty min after the start of the session, the 
first pair of bottles was taken down, weighed to the nearest 
0.1 g, and replaced by a second pair of bottles with the posi- 
tion of sucrose and water reversed. 

At the end of the session, the second pair of bottles was 
taken down and weighed. The rat was then removed from the 
chamber, and, after the fistula was closed, was returned to 
its home cage (with food made available). Since the sham 
drinking procedure did not allow the animals to retain any 
fluid, water bottles were put up on the deprived rats’ cages 
for 10 min, 15 min after their sham drinking bout. 

The initial testing spanned 13 days, throughout which rats 
were given the choice to sham drink water and 10% sucrose 
for 1 hr/day. On Day 1, all animals received saline. Days 2 
through 13 consisted of 4 consecutive 3 day blocks of sham 
drinking under saline, NX, or no injection. A day of NX 
injection was always preceded by a day of saline injection, 
and followed by a day of no injection. On days of no injec- 
tion, the animals were handled as if they were to receive an 
injection, but none was administered. The doses of NX used 
were 0.5, 1.0, 5.0 and 10.0 mg/kg. All injections were ad- 
ministered subcutaneously, in a volume of | ml/kg of body 
weight, 15 min before the opportunity to sham drink. The 
order of the 4 NX injections was randomly assigned for each 
subject, such that at the end of the 13 days, each subject had 
received a single injection of each dose of NX. 

One week after the completion of the testing described 
above, the groups were reversed, with the animals which 
were previously in the fluid deprived condition, no longer 
fluid deprived, and those animals which were nondeprived in 
the first test, were then placed on a 22.5 hr fluid deprivation 
schedule. The training and testing were the same as those of 
the initial sham drinking test. 
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FIG. 1. Sham drinking rat in a two-bottle test. 


Immediately following the second sham drinking test, all 
6 animals were returned to their home cages and did not 
participate in any testing for a 10-day period. During this 
period, food and water were available ad lib, and the fistulas 
were checked for leaks daily. Following this 10 day period, 4 
of the 6 animals were tested in the manner described above, 
except their fistulas were closed (i.e., all animals were given 
the choice to drink water or 10% sucrose, in a two-bottle test 
for 1 hr /day, under both 22.5 hr fluid deprivation, and no 
deprivation, with closed fistulas). The remaining two sub- 
jects developed leaks about their fistulas during the 10-day 
rest period, and were not used in the closed fistula tests. 


RESULTS AND DISCUSSION 


With the open fistulas, all animals exhibited exaggerated 
drinking, in a fashion similar to that described elsewhere [2], 
and virtually all (>90%) that the animals drank passed 
through the drainage tube and was collected. These two ob- 
servations indicate that the sham drinking procedure was 
effective in preventing the animals from retaining any fluid 
which was taken orally. 

Since the values from the days under saline and without 
injection did not differ reliably from one another, these val- 
ues were averaged to obtain a single measure (a placebo, or 
PL score) to compare the effects of NX. Because the scores 
from the deprived and nondeprived groups had unequal vari- 
ances, a square-root transformation was performed on all 
scores. Following this transformation, which corrected for 
the unequal variances, the data were submitted to an 
analysis of variance (ANOVA). 

A 2x2x2x2x4 ANOVA having repeated measures was 
performed on the sham drinking data. Panels A-D, in Fig. 2, 
depict four reliable main effects associated with deprivation 
condition (deprived/nondeprived), fluid (water/sucrose), 
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FIG. 2. The means for the significant main effects associated with 
deprivation condition, fluid, time, and drug, are depicted in panels A 
to D, respectively. The F and p-values for Panels A to D, respec- 
tively, are: F(1,80)=79.65, p<0.0001; F(1,80)=174.92, p<0.0001; 
F(1,80)=7.12, p<0.01; and F(1,80)=7.69, p<0.01. 


time (first 30 min/second 30 min), and drug (PL/NX), re- 
spectively. 

The effect associated with different levels of NX dose did 
not prove to be a reliable source of variance, F(3,240)=2.31, 
p>0.08, thereby suggesting that the smallest dose of NX 
used in this test (0.5 mg/kg) was sufficient for the full effect. 

With closed fistulas, deprivation condition did not modify 
sucrose intake. In addition, NX significantly reduced fluid 
intake in rats drinking with closed fistulas, but, interestingly, 
it did not differentially reduce intake with regard to depriva- 
tion condition, a finding similar to that of Ostrowski et al. 
[15]. The F-value for the drug/condition interaction was 
F(1,80)=0.00, p>0.96. Figure 3 illustrates sucrose intake by 
rats when both deprived and not deprived, with open and 
closed gastric fistulas. (Note in Fig. 3 that 6 subjects partici- 
pated in the open fistula tests, whereas 4 subjects partici- 
pated in the closed fistula tests). 

A number of interesting observations were made in this 
experiment. When deprived, rats sham drank both water and 
sucrose, but had a strong preference for sucrose. When not 
deprived, the same animals took sucrose, but almost no 
water, and took less fluids overall (than when deprived). In 
addition, regardless of deprivation level, the animals took 
more fluid during the first 30 min, as compared to the second 
30 min. It has been demonstrated that fluid palatability can 
modify normal fluid intake [4]. The data from the present 
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FIG. 3. Mean sucrose intakes by rats with open and closed fistulas, 
under 22.5 hr fluid deprivation and no deprivation. t-Tests for paired 
comparisons yielded p values <0.05, 0.01, and 0.001, as represented 
by @, BM, and SMB, respectively. 


experiment indicate that fluid palatability can also modify 
sham drinking behavior. 

Although it is tempting to compare these sham drinking 
data to those of intact animals, some differences allow for 
only a limited comparison. All animals, whether fluid de- 
prived or not deprived, were without food for 4 hr prior to 
their sham drinking session. This was done to insure that the 
animals would drain properly during their sham drinking 
bouts. Therefore, when in the ‘“‘fluid’’ deprived condition, 
the animals were without fluid for 22.5 hr, but were also 
without food for 4 hr. Additionally, when in the *‘nondep- 
rived’ condition, the animals were, in fact, without food for 
4 hr. Although this may make it difficult to directly compare 
these data to those of intact animals, the 4 hr food depriva- 
tion manipulation was consistent throughout the experiment. 

It had been reported that rats will sham drink for up to 2 
hr [2]. Since the rats in the present study sham drank for | hr 
(potentially not a full sham drinking bout), the specific per- 
cent decrease of sucrose intake under NX compared to that 
without NX, was not considered. 

Jaloweic et al. [9] list three hypotheses to account for the 
ability of opiate antagonists to suppress the intake of nutri- 
ents, to supplant earlier hypotheses for which little experi- 
mental evidence had been marshalled. (These earlier hy- 
potheses, for example, include the idea that opioids are 
neurohumors for drive-reduction reward [1], and that NX 
merely induces a general malaise or illness thereby reducing 
intake as a secondary effect of the illness |5].) One hypothesis 
is derived from the work of Le Magnen et a/. [12], and states 
that NX modulates a positive sensory feedback system criti- 
cally involved with the mediation of incentive properties of 
food (see also [21]). Another listed hypothesis was that 
agonists of morphine and endorphin may generally activate 
goal directed behaviors, and conversely, that antagonists to 
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morphine and endorphin would suppress this general qual- 
ity of goal directedness. A third hypothesis suggested that 
morphine and endorphin might generally produce a positive 
emotional tone, analogous to social comfort, which in turn 
facilitates eating and drinking as certain instances of social 
facilitation. Conversely, opiate (endorphin) antagonists, 
such as NX and NTX, would lead to something analogous to 
separation anxiety which would suppress eating and drink- 
ing. 
A problem with all hypotheses along the lines that opiate 
antagonists produce a general state interferring with classes 
of motivated behaviors, such as the hypothesis of reduced 
goal-directedness, is that NX has quite different effects across 
motivations. NX, for example, does not suppress sexual be- 
havior [16], and may even enhance it [6], whereas mofphine 
and endorphins suppress sexual behaviors [14,18]. Further- 
nore, NX does not even seem to produce a general deficit 
with respect to all ingestive behaviors, for example, Jaloweic 
et al. [9] have concluded that glucose intake is not modified 
by NX. One might reason that if NX produced a general 
deficit that such a deficit would reduce sham drinking and 
normal drinking to the same degree because the subjects 
would become equally lethargic after an equal effort. NX, 
however, did not reduce sham drinking and normal drinking 
to fixed amount of drinking, but rather by a fraction of 
baseline intake (present experiment). Consequently, the hy- 
pothesis of NX-effects as a product of a generally reduced 
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goal-directedness seems too nonspecific to explain the facts. 
Along the same lines, the fact that opiate antagonists do not 
modify all instances of ingestive behavior would argue 
against a hypothesis of general modulation of emotional 
tone. For such a hypothesis to be supported, there would 
have to be evidence that events analogous to separation dis- 
tress have differential effects on the various forms of eating 
and drinking parallelling the effects of the antagonists [11]. 

The data of this experiment are surely not incompatable 
with the hypothesis that opiate antagonists modify affective 
reactivity to palatable solutions, and furthermore that the 
antidipsogenic action of NX is not due to a secondary feed- 
back from post-absorptional events. It seems clear that NX 
changes the incentive value of certain tastes [12, 13, 21]. The 
hypothesis of shifting incentive values, however, is incom- 
plete until it specifies what classes of incentives are mod- 
ulated and how. Consequently, although our data do rule out 
certain kinds of explanations of the suppressant effects of 
opiate antagonists on fluid intake, there remains work to do 
before we can specify endorphinergic involvement with re- 
spect to specific classes of behavior. 
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CZECH, D. A. Integrated circuit drop-sensing drinkometer. PHYSIOL. BEHAV. 296) 1179-1181, 1982.—An casuy con- 
structed and inexpensive drop-sensing drinkometer is described, which incorporates an integrated circuit photodetector. It 
provides a reliable and convenient means of automatically monitoring fluid intake in a number of experimental situations. 
The animal is undisturbed and isolated from the electrical system components. 


Apparatus Drop detector Drinking 


IT is often necessary to automate data collection in studies 
involving fluid intake. For example, experimental protocols 
may require detailed data about the pattern of drinking be- 
havior at frequent intervals over extended periods of time. In 
some other situations, the need to record behavior at fre- 
quent, closely spaced intervals [11] is essential, and manual 
procedures could severely limit the number of animals that 
can be effectively monitored during the experimental ses- 
sion. It might also be important not to disturb the animal 
subjects. 

Several techniques have been developed to automatically 
monitor licking behavior. The most prominent of these is the 
electrical contact type of drinkometer, which requires pas- 
sage of a small electrical current through the animal [4]. Al- 
though widely and effectively used, this technique can have 
certain limitations. Among these are observations that elec- 
trical currents can influence the behavior being investigated, 
e.g., can interfere with taste discrimination [7], and may dis- 
rupt concurrent measures, such as electrophysiological re- 
cording [7,10]. Photocell techniques can provide a practical 
alternative, their principle advantage being that the subject is 
electrically isolated from the sensing system. A beam of light 
directed at a photocell, sometimes via fiber optics, is inter- 
rupted when the animal approaches or licks at the fluid dis- 
penser [5,7]. Additional techniques include use of 
capacitance-coupling circuitry [8], magnetic devices [2,10] 
and strain-gauge devices [1]. Weijnen [13] describes and also 
considers some limitations of a variety of these techniques. 

It is frequently desirable and/or essential to measure the 
volume of fluid(s) ingested. None of the above mentioned 
techniques directly monitors fluid volume, and it would be 
useful if techniques for automated collection of volume data 
were also readily available. Vrtunski and Wolin [12] ad- 
dressed this issue with a complex infusion pump control sys- 
tem which delivered a measured volume of water each time 
the animal licked the water tube. Recently, Kuribara er al. 
[6] described a drop detector system in which precise 0.05 ml 
drops of water are produced and form a bridge across two 
electrodes as they fall, thus generating a momentary short 


Fluid intake 


Drinkometer Fluid measurement 


circuit, which is electrically processed. This approach is 
very interesting; however, the system as described has sev- 
eral limitations. Construction of the devices can be difficult 
and/or expensive, and the short-circuit principle limits the 
types of fluids that can be monitored. The present paper 
describes a reliable drop detector system which avoids these 
problems. It is inexpensive, easily constructed with ordinary 
shop tools, and utilizes integrated circuit technology to 
streamline the electronic section. It is not limited to electri- 
cally conductive fluids. 


FUNCTIONAL SYSTEM DESCRIPTION 


The system consists of a fluid reservoir, a drop chamber 
with photo-sensing circuitry, a drinking valve and intercon- 
necting flexible tubing (Fig. 1). The drop chambers are con- 
structed of clear Plexiglas flat stock and can be assembled 
either as a manifold or as single units, depending on the 
arrangement of the animal drinking compartments. Inside 
dimensions of the drop chamber are: 44 mm high x 19 mm 
wide < 8 mm deep. The Plexiglas sections are bonded to- 
gether with ethylene dichloride. The inlet port is a short 
length of stainless steel hypodermic tubing ground flat on 
both ends and epoxied into a hole drilled in the top of the 
chamber. We have selected 15 gauge (i.d.~0.054 in) tubing, 
which consistently produces 28-29 drops/ml of deionized 
water; however, other diameters can be substituted. The out- 
let port is constructed from the barrel of a disposable | ml 
plastic syringe epoxied into a hole drilled in the chamber 
floor, and over which 3/16 in flexible tubing fits snugly. The 
top of the outlet tube protrudes several millimeters into the 
chamber and is eccentric to the drop path axis. Positioning it 
in this manner reduces the likelihood of any small foreign 
particles entering the system reaching the drinking valve and 
adversely affecting its operation. To guard against leaks in 
the chamber, it is suggested that all seams be covered with a 
protective coating, such as a silicon rubber aquarium seal- 
ant. Connections with the drop chamber are made with flex- 
ible tubing. A drinking valve is mounted on the animal drink- 
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FIG. 1. Mechanical and electrical components of the drinkometer 
system. R. is an external current limiting resistor for the LED (Spec- 
tronics SEP8506). With V..=5 VDC and R.=100 ohms, current 
through the LED is approximately 35 mA. All electrical components 
except R, and LED (E) are contained in the photosensor (S) module. 
All resistor values are in ohms. Note that this is an open system; if a 
dust cover is used on the reservoir, an opening to the outside must 
be provided. A non-adjustable tube valve is shown fitted into a 
circular opening in the cage wall with spring mounting clip. 


ing compartment. We have tested several valves suitable for 
rats. These include an adjustable flow valve (Model AT118; 
Edstrom Industries, Waterford, WI) and a non-adjustable 
tube valve (Systems Engineering, Napa, CA; O’hara and Co. 
Ltd., Tokyo). The flow rate of the fluid discharged from the 
adjustable type valve can be varied by presetting the tight- 
ness of a retainer screw, thereby limiting the rate of inges- 
tion. Both valves function on non-critical pressure (range of 
1-15 psi, or wider) and accept 3/16 in tubing for connection 
with the remotely located drop chamber. The drinking fluid 
is supplied from a common reservoir or from individual re- 
servoirs Via flexible tubing. We are currently using individual 
ci ibrated reservoirs made from 60 cc disposable syringe 
barrels; this provides the convenience of checking the sys- 
tem periodically for proper functioning by comparing 
changes in fluid volume with corresponding drop count. De- 
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sired pressure at the valve can easily be determined; each 2.2 
ft elevation of the reservoir equals 1 psi. We mounted the 
reservoirs just above the drop chamber, and positioned them 
such that the fluid levels in the chamber and in the reservoir 
(when filled to a reference level) are 0.8 m and 1 m, respec- 
tively, above the drinking valve orifice. Our tests showed a 
difference of less than one drop/ml for a change in reservoir 
fluid level of 10 cm. Even greater accuracy can easily be 
achieved by increasing the diameter of the reservoir, such 
that smaller level changes accompany removal of a given 
volume of fluid. Alternatively, the reservoir fluid level can 
be maintained at a constant level, e.g., with some sort of 
flotation type feedback system. 

Fluid is discharged from the valve orifice only while the 
valve stem, centered in the opening, is depressed by the 
animal’s tongue. The animal licks at the valve in essentially 
the same manner as it licks at a standard sipper tube, and the 
licking action results in intermittent opening and closing of 
the valve. When fluid from the reservoir enters the drop 
chamber, the air pressure in the chamber rises until it is 
sufficient to support the pressure from above. A drop forms 
at the inlet port as the air pressure in the chamber is reduced 
by removal of fluid from the system at the drinking valve; it 
increases in size until its weight is sufficient to overcome the 
surface tension of the fluid, and it breaks away and falls. 
Thus, drops of uniform size are formed, determined by the 
diameter of the inlet port and the surface tension of the 
fluid. The gradual shifts in chamber air pressure, resulting 
from the intermittent rather than continuous discharge of 
fluid at the drinking valve, results in drops rather than a 
continuous flow of water through the chamber. In short, the 
system operates in the same way as a standard intravenous 
infusion system. 

The drop detector, shown in Fig. 1, is an integrated circuit 
(IC) photo-sensing unit, which contains a photodiode, differ- 
ential amplifier, voltage regulator, Schmitt trigger and output 
stage (Spectronics Division of Honeywell, Inc., Richardson, 
TX). The unit can be used with infrared or visible light, and 
is available in several packages. We have selected the com- 
plete interrupter module package (SPX-2001) consisting of 
the IC photo sensing unit and an infrared LED mounted in a 
single housing. The housing is split into two sections, con- 
taining the emitter and sensor modules, and these are 
mounted on either side of the chamber, directly across the 
drop path. A falling drop thus momentarily breaks the light 
beam projected onto the photodiode. With incident light 
above threshold level, the output voltage (V,,) of the sensor is 
high (TTL logic **1°’’) and approximately equal to the supply 
voltage (V...); interruption of the light beam drives it low. 
The unit operates over a supply voltage range of from 4.5- 
16.0 VDC and its output is thus compatible with both TTL 
and CMOS logic. We are operating the units at 5 VDC, and 
coupling the output to a monostable multivibrator (1exas 
Instruments SN74121N) for signal conditioning. The con- 
ditioned signal is fed into TTL modules and relays, and also 
into a Rockwell AIM-65 microcomputer for processing and 
data printout. 


DISCUSSION 


Materials for the basic system are readily obtainable and 
inexpensive. We purchased single interrupter module pack- 
ages locally for under $6.00; the cost of the water valve 
ranges from about $2.50-$4.50. 

Problems sometimes encountered with devices which 





DROP-SENSING DRINKOMETER 


pass current through the animal are avoided, since the subject 
is electrically isolated from the recording system. Further, 
since fluid volume is monitored directly, the measure is not 
subject to biasing by variables which have been shown to 
influence the amount of fluid taken per lick, such as age of 
animal [9], orifice diameter of the drinking spout [4], concen- 
tration or chemical composition of the liquid, or whether or 
not dry food is present (for review, see Halpern [3]). Since 
the photo-sensing components are remote from the fluid- 
animal interface, the system is not susceptible to malfunc- 
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tions arising from animal behaviors such as licking at or 
chewing system elements. Leakage problems sometimes as- 
sociated with standard sipper tubes are avoided with the 
drinking valve. 
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MARCSTROM, A. AND G. STEINHOLTZ. A new method for measuring the ability of fish to orient in chemical 
gradients. PHYSIOL. BEHAV. 296) 1183-1184, 1982.—A psychophysical method for studying the activity and distribution 
of fish in a test yard under different experimental conditions is briefly described. Among other virtues the method makes it 
possible to study the ability of fish to orient themselves in gradients of chemical substances and accurately to estimate the 
degree of attraction to, or repulsion from chemical substances even within brief periods. The method can be utilized in 


diverse behavioral experiments. 
Preference test Avoidance test 
Locomotor activity 


A METHOD for estimating the activity and reaction of fish 
to chemical substances has been developed. The method is 
characterized by high accuracy and rapid processing of col- 
lected data. In a test yard with laminar flowing water a step- 
formed concentration gradient is established by allowing two 
solutions to flow side by side without mingling (Fig. 1). Thus 
the limiting surface between the solutions is vertical. The 
fish are able to move freely between the two solutions. When 
passing the limiting surface the fish can perceive any change 
in taste or smell and may therefore prefer one of the solu- 
tions. Necessary conditions for a measurable graded reac- 
tion on the part of the fish are that the difference in concen- 
tration between the two solutions is sufficient to be per- 
ceived by the chemical senses, that the fish show an inher- 
ited or a conditioned attraction to or avoidance of the actual 
compound and that the fish repeatedly pass the limiting sur- 
face between the two solutions. The recording equipment 
consists of a detector unit, a counter unit and an on-line 
coupled computer. The detector unit is composed of a 
number of transmitters, which are positioned above the me- 
dian line of each half of the test yard. The transmitters emit 
narrow beams of infra-red light, which are directed down- 
wards vertically. Infra-red sensitive photo-transistors are 
placed below the transparent bottom of the test yard, one 
opposite each transmitter. The photo-transistors record the 
interruptions of the light beams effected by the fish. The 
equipment allows simultaneous recording of both the activity 
and the distribution of fish in the test yard. When the loco- 
motor activity of fish is on record the number of interrup- 
tions of all light beams in the test yard are summarized. 
When measuring the distribution of the fish the time spent in 
the light beams is summarized for each half of the test yard. 
A distribution value for a certain period is then calculated by 
dividing the time spent in the light beams in one half of the 
test yard—for instance the one with the stronger solution of 
the substance tested—by the time spent in the light beams in 
both halves. A distribution value greater than 0.5 may indi- 


Chemical gradient 


Taste Olfaction Chemosenses 


cate that the fish are attracted to the substance while a lower 
value may mean repulsion. Both the number of interruptions 
of the light beams and the time spent in the light beams are 
fed into an on-line coupled computer, which performs the 
appropriate statistical calculations. Activity and distribution 
values may be calculated for optional periods of time be- 
tween 5 and 1000 seconds. They may also be summarized 
successively for a suitable number of periods, as estimated 
by the actual statistical program run by the computer. Ac- 
cording to the statistical program the computer may finish an 
experiment as soon as a predetermined confidence interval 
for the reaction of the fish is obtained. The computer may 
also start another experiment, order a change of the chemical 
gradient or alter its direction on the basis of the results ob- 
tained from the preceding experiment. 

This method makes it possible to obtain accurate, quan- 
titative measurements of the behaviour of fish in a well de- 
fined stepformed concentration gradient. The ability of fish 
to perceive chemical substances and to orient themselves in 
gradients of these compounds may thereby be estimated. 
Such estimations are often of value when studying various 
phenomena within ecophysiology, sensory physiology and 
ethology [2, 7, 8, 17]. The ability to recognize odors and 
tastes is of great importance in connection with the search 
for, and selection of food, reproduction, social coordination 
etc and promotes the survival of the individual and the spe- 
cies. [1, 3, 5, 8, 16, 19, 21]. The ability of migrating fish to 
find spawning grounds during reproduction, triggering of 
mating behavior, competition for living space, the mainte- 
nance of the school and the behavior of the fish individually 
or in groups when confronted with alarm substances are 
examples of this [3, 4, 6, 9, 11, 12, 13, 14, 15, 19]. The 
continually increasing discharge of pollutants in the en- 
vironment in the urbanized society reduces the fishes 
chances of survival [10, 18, 20]. Their ability to perceive and 
avoid these toxic substances is of great importance for the 
continued existence of the species in question. 
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FIG. 1. The flow aquarium. Aerated, pH-stated and temperated 
water is supplied with constant flow to the aquarium. The test solu- 
tions is infused into one or both of the mixing devices at a rate giving 
a suitable concentration in the corresponding half of the test yard. 
The laminar flow allows the solutions to pass the test yard without 
mingling. The fishes move freely between the two solutions. The 
activity of the fishes and their time spent in the two halves of the test 


yard is estimated with the aid of beams of infra-red light. 


The equipment for recording the activity and the position 
of fish can of course be used detached from the flow 
aquarium when studying the locomotor activity of different 
animals and its change under altered experimental condi- 
tions. 


In a series of scientific reports we intend primarily to 
study the ability of fish to perceive low concentrations of 
compounds which are regarded by man as sweet or bitter. 
Moreover their ability to orient themselves in gradients of 
these compounds will be investigated. This may produce in- 
formation on the function of the chemical senses. 
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ERRATUM 


AUGUST 1982 ISSUE 


There is a printer's error in the abstract of the article by Gray, Stevens and Marks, which appears on page 355. 
The entire correct abstract is given below. 


GRAY, L., J. C. STEVENS AND L. E. MARKS. Thermal stimulus thresholds: Sources of variability. PHYSIOL. 
BEHAV. 29(2) 355-360, 1982.—Thresholds to warming and cooling by a small Peltier stimulator were measured and 
remeasured in 24 adults and children aged 7-9. The median thresholds to warming and cooling of the forearm were + 1.04 
and —.15°C, respectively, and neither age nor sex mattered significantly. The test-retest correlation was significant, 
suggesting intra-subject reliability, despite a large range of thresholds across subjects—about an order of magnitude. 
Measurements of skin temperature revealed that the same stimulus can cause a greater degree of warming or cooling in one 
subject than another. These differences proved reliable on retesting. Surprisingly, however, there was no correlation 
between this physical variation among people and the size of their psychophysical thresholds. Some compensatory mech- 
anism is suggested by these data; the implication is that people who are less responsive physically may be more sensitive 
neurally and vice versa. 
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